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1 | INTRODUCTION

Hua Lit

| Mao Ye? | Zhongmin Liu!

Abstract

Confinement of molecules in nanoporous crystalline materials results in the unique
and diverse characteristics of intracrystalline diffusion and adsorption, which can sig-
nificantly affect the efficiency of gas separation and/or catalysis. However, under-
standing the interplay between confinement and intracrystalline diffusion and
adsorption remains elusive at the quantitative level. In this work, it is found that the
intracrystalline diffusion could be related to the hopping rate, which might be further
connected to the translational and rotational motion of molecules and quantified by
corresponding partition functions. Based on this analysis, the correlations capable of
predicting the intracrystalline diffusivity and the adsorption entropy are developed. It
is shown that the correlations can well capture the experimental and simulation
results of more than 20 frameworks, including zeolites and MOFs, for a wide range
of guest molecules. This approach can potentially serve as rapid screening tool for

nanoporous crystalline materials in gas separation and catalysis.
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significance for the design, synthesis, and screening of adsorbents

and catalysts. A big challenge in this regard, however, is to quantify

Diffusion and adsorption of guest molecules in nanoporous crystalline
materials is at the heart of many industrial processes, in particular gas
separation and heterogeneous catalysis.) In order to attain the
enhanced yet tunable efficiency in gas separations and/or yield in cata-
lytic reactions, it is becoming a common practice to take use of the con-
finement effect of nanoscale cavities and pores in sorbents and

catalysts,6'9

which are mostly nanoporous crystalline materials. For
instance, the engineered nanoscale pores have been frequently applied
in sorbents to control the behaviors of guest molecules and thus dis-
criminate these molecules.® In addition, various experimental**3and

|14—18

computationa studies have discovered that the shape selectivity of

zeolite catalysts'®?

is closely related to the diffusion of guest mole-
cules in the nanoscale pores and cavities, which constraints the motion
of large molecules and alter the selectivity of targeted products.

The understanding of interplay between confinement effect and

molecular diffusion and adsorption, therefore, is of practical

the diffusion and adsorption of guest molecules in the confined space
of nanoscale. As shown in Figure 1a, the activation energy of diffusion
of guest molecules in nanoporous crystalline materials is dependent
upon the diameter of guest molecules and dimensions of the pores
and cavities.>?® Larger molecules and/or smaller pores and cavities
can increase energy barriers for molecular diffusion. Molecular

dynamics (MD)?*3! and atomistic simulations®234

are essentially used
to predict and understand complex molecular diffusion as well as dis-
tribution of potential energy in nanoporous crystalline materials at dif-
ferent molecular loading and temperature. But the verification of
force field in these simulations requires a large collection of experi-
mental data and is time-consuming. Therefore, only very few studies
focus on quantifying the effect of confinement on the intracrystalline
diffusivity of guest molecules in nanoporous crystalline mate-
rials.?12635-37 Rosenfeld®! and Dzugutov®? directly related the diffu-

sivity of guest molecules to the excess entropy via a simple
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FIGURE 1 (a) Activation energy increase upon
intracrystalline diffusion and (b) entropy loss upon
adsorption in nanoconfined spaces, due to
increased molecular diameter and/or decreased
dimension of confined space. (c) The detailed
processes of molecular intracrystalline diffusion
proposed in this work. The molecular translation is
affected by the fluctuation of pore wall, molecule
needs to find suitable orientation by rotation to
enter the window, and molecule needs to
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exponential function. But the calculation of excess entropy is very dif-
ficult and time consuming.®® In addition, the applicability of excess-
entropy scaling to confining systems needs to be further verified.
Sholl et al?*** developed a MD method to determine properties of
diffusion for large scale of zeolites and MOFs materials and tested for

small molecules as examples. Marbach et al®’

recently proposed a for-
malism to quantify the influence of fluctuation of wall structure on
the diffusion of guest molecules. But it is a nontrivial task to relate the
fluctuation of wall structure to real pores and cavities in nanoporous
materials of interest.

Krishna®® proposed that the degree of confinement, which is
defined as the ratio of the characteristic diameter of molecules to that
of the windows, can be regarded as an appropriate descriptor for con-
finement effect.***! This descriptor, however, is shown only suitable
for small molecules such as methane, neon, argon and xenon. An alter-
native approach is to connect the confinement effect to the adsorp-
tion entropy of adsorbed molecules in nanoporous crystalline
materials, as shown in Figure 1b.#2*> Moor et al*?*3#¢ found that
confinement has impact on the free degree of molecular translational
and rotational motion of molecules by density functional theory (DFT)
simulations. They found the carbon number of C4-Cg hydrocarbons is
approximately a linear function of the adsorption entropy for FAU,
BEA, MOR, MFI, and CHA zeolitic frameworks.*>***” Dauenhauer
et al** noticed that the lose of degrees of rotational freedom is sensi-
tive to not only the types of molecules adsorbed but also the change
of cavity volume in nanoporous material. Based on this, they proposed
a simple correlation to predict the adsorption entropy based on the
occupiable volume,*® which can work well for C3-Co hydrocarbons in
nine zeolitic frameworks.** This motivates us to find a general

approach to directly relate the adsorption entropy to the diameter of

‘Reaction’ Coordinate

overcome the repulsive potential between
molecule and window [Color figure can be viewed
at wileyonlinelibrary.com]

guest molecules and dimensions of confined spaces in different
frameworks of nanoporous crystalline materials.

Actually Campbell et al*° and Dauenhauer et al** found that
the adsorption entropy could be related to the pre-factors in rate
constants as well as desorption rate from the viewpoint of the
transition state theory. Note that diffusion of guest molecules
from one site to an adjacent site in nanoporous crystalline mate-

k,26'30 and

rials can be described by hops in the specified framewor
the probability of molecules diffusing from one site to another site
per unit time can be defined as hopping rate. On the one hand, the
change of free energy along a ‘“reaction coordinate” of
diffusion,°>° together with the free energy of all possible molecu-
lar states in the pore and/or cavity, according to the transition the-
ory, can be used to calculate the hopping rate.®°On the other
hand, the hopping rate can be interpreted as a result of combina-
tion of contributions by translational, rotational, electronic, vibra-
tional and nuclear motion. Each contribution can be quantitatively
described by the partition function of the corresponding motion.
Therefore, it is the purpose of this work to establish a fundamental
approach to quantify the intracrystalline diffusivity and adsorption
entropy at infinite dilution based on the partition functions in con-
fining systems. First, a theoretical analysis has been conducted for
the diffusion of guest molecules in nanoporous crystalline mate-
rials by considering the effects of the translational and rotational
partition functions, as well as the repulsive potential between the
molecule and the wall of window, as shown in Figure 1c. Then the
scaling relations, based on the theoretical analysis, have been
established, which can efficiently predict intracrystalline diffusivity
and adsorption entropy of a variety of molecules in a wide range of

zeolites and metal organic frameworks (MOFs).
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2 | THEORETICAL MODEL AND ANALYSIS
21 | Scaling relation between confinement and
intracrystalline diffusion

The intracrystalline diffusion of guest molecules in nanoporous crys-
talline materials can be classified as self-diffusion and transport diffu-
sion. At sufficiently low loading of guest molecules, that is, infinite
dilution, the intracrystalline self-diffusivity and transport diffusivity
can be considered equivalent.'>2 Meantime, the intracrystalline dif-
fusivity at infinite dilution can better characterize the interaction
between the molecules and the wall of pores and/or cavities.*!
According to the transition state theory, the intracrystalline diffusivity

of guest molecules can be estimated by3°3°

D =ni2k (1)

where n is the dimension of the frameworks (n = 3, 1.5, and 1 for 1D,
2D, and 3D porous structures, respectively) of interest, A the charac-
teristic distance for a hop (m), which is approximated as the characteris-

k,%93% and k the hopping rate (s7%).303°

tic size of a cavity of frameworl
The hopping rate k can be interpreted as a result of total contribution
of translational, rotational, electronic, vibrational and nuclear motions,
which can be described by corresponding partition function (see
Section 1 in Supporting Information). For the pure diffusion process of
guest molecules without any chemical reactions occurring, it is reason-
able to exclude the effects of vibrational (chemical bond) and nuclear
contributions.** We follow the dynamically corrected transition state
theory (dcTST)?42%% that has been widely used in the simulations of

262930 and assume the molecules

molecular diffusion in confined media,
on top of the barrier are in equilibrium. Further to that, as current work
focused on the molecular diffusion at low loading, we can consider the
Maxwell-Boltzmann distribution can be considered as a simple yet
accurate representation of velocity distribution of molecules on the
basis of kinetic gas theory of dilute gas.?”->3 Thus, the hopping rate in

nanoporous crystalline materials is

1 kBT f* fx E. diff
k=[=4/=—=— trans. ! rot. ex <_ a, ) 2
(ﬂ 27M firans. frot.) P RT ( )

where kg is the Boltzmann constant (J-K™%), m the molecular mass (kg),

f'/f the ratio of partition functions for molecules activated at the top
of the barrier and that stayed in the cavity, E, 4i¢s the activation energy
of diffusion (kJ-mol™2), R the ideal gas constant (J-mol~*-K™%), and
T the absolute temperature (K). Note that f/fis actually the probabil-
ity of molecule entered the window over all molecules stay in the cav-
ity by translation or rotation, and E, g represents the activation
energy of diffusion required by a molecule to hop between adjacent
lattice cavity. For simplicity, the ratio of translational partition func-
tion f trans/frrans. is defined as the factor Gtrans.

When molecules migrate to the window by translation, the

change of the dimension of the confined spaces (i.e., change from
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cavity with large space to narrow window or vice versa) or pore con-

strictions>232

can enhance the frequency of collisions between mole-
cules and wall®* and lead to the decrease of diffusivity.3’> Marbach
et al®” showed that the diffusivity can be related to the fluctuations
of nanopores by including the effect of structural constrictions:

_ dgage,j - dfvindow‘i (3)

d2

cageyj

gtrans,J =1

where dc,ge is the size of cavity, and d,ore is the window diameter
(nm). The window diameter of nanoporous crystalline materials can be
assumed to be uniform. Equation (3) implies that the large difference
of dimension between cavity and window, or small cavity can have
negative effect on diffusion.

Before molecules enter the small window of host materials, if
the diameter of guest molecules is comparable to the dimension of
the window, molecules need to adjust in particular rotation to get the
suitable orientation in order to enter the window. In this sense, the
rotational partition function, rather than the translational partition
function, would dominate the pre-exponential factor of hoping rate.
The shape of molecule is an important aspect for rotation of molecule
passing through window. We assumed that a molecule can be
modeled as an ellipsoid.#>> An shown in Figure S1, an ellipsoid is
defined by its three axes, a, b, and ¢, where the length of three axes
follows the order a < ¢ < b. The structures of molecules were opti-
mized by wB97XD hybrid density function with 6-31G(d,p) basis sets
by use of the Gaussian 09 package.>® Thus, three axes of the ellipsoid
can be measured based on the optimized molecular structures and
corrected to van der Waals (vdW) radius of corresponding atom
(e.g., H, C, O, and N). The molecular volume is assumed approximately
equal to vdW volume V, 4w, Which can be determined by critical tem-
perature and pressure of fluid.>”>® For the molecules with ellipsoidal
approximation, the vdW volume satisfies V,qw = 2/3-z-(abc). It can be
reduced to Viyaw = 2/3-7-(6vaw)® for spherical molecules,>® where the
average diameter ¢ (= a = b = ¢) of molecule is assumed to vdW diam-
eter. The detailed parameters for molecules studied in this work are
listed in Table S2.

Based on Equation (S14), the formula f vo/f.or. Of molecules i in

framework j of nanoporous crystalline materials can be estimated by

(%) —erf| A dsvindowj erf| A dC/indow,i erf| A dsvindow,i
L. q
o/ (6r+c)’ @ +) (@ 62’

(4)

In Equation (4), each term respectively reflects the imposed limi-
tation on rotation of molecules around axis a, b or ¢ when they pass
the window of host materials. Specifically, for the linear molecule
(e.g., Hy, Oy, Ny, CO, and COy,), it is known that a = ¢ and the rota-
tional partition function for b axis is 1, and thus the formula of f o/

frotr. becomes
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( :ot,> —erf| A daindow,} erfl A da/indowj (5)
frot. ij ( 2 2\ 9 2\ 4
’ ai+b;) (a,.2+b,~)

where A (nm9"Y), p and q are the fitting constants. The rotational par-
tition function reflects that the possibility of molecules passing
through the window. In Equation (4), therefore, each term respectively
reflects the extent of limitation of rotation around axis a, b, or
¢ imposed by the window. For instance, when molecule approaches
the window, the extent of rotation of ellipsoidal molecule around axis
¢ depends on the projected area of the a-b plane (Figure S1) and win-
dow diameter. In Equation (4), when the ratio of window diameter to

(a,? + b,Z) is sufficiently large, f ot/ Frot. approaches 1, meaning mole-
cule can pass through this window at any orientations. In contrast, if
the ratio of window diameter to ,/ (aiz +b,-2> decreases, f rot/frot. May
essentially reduce.

After molecules find suitable orientations and enter the window,
the potential energy between molecules and window can significantly
affect the translational velocity. The activation energy of diffusion
E, gits in confined spaces can be calculated by the repulsive potential.
The Born-Mayer exponential term was only used to represent the
energy barrier (repulsive potential) between molecules and windows
of nanoporous crystalline materials, and the usual Lennard-Jones (L-J)
potential was otherwise employed. The form of repulsive potential
can be represented as U™P(r) = e-exp(—Br) by Born-Mayer form,>®
where U™P is the repulsive potential, r the distance between the mole-
cule and window, and ¢ the potential well. The activation energy of
diffusion can be written as E, 4i¢s = C-exp(—Br) if the repulsive potential
is considered as the predominant interaction. The distance r between
the molecule of interest and the wall of window can be related to the
average molecular diameter ¢ of the molecule by r ~ —s. Therefore,

the activation energy of diffusion can be approximated by
(Eaitt);; = Cej exp (Bjoy) (6)

where Cg; is the constant of specific framework j (kJ-mol™Y), and B; the
characteristic factor of the activation energy of diffusion in framework
j (nm~2). In Equation (6), for instance, the activation energy of diffu-
sion of n-butane is higher than that of propane in ZIF-8 MOFs.2¢ Note
that n-butane has similar a- and c-axes as propane but much longer b-
axis than that of propane. Here, for simplicity, the average molecular
diameter (i.e., van der Waals diameter) was used to correlate the acti-
vation energy of diffusion.

To further identify the leading mechanism (i.e., the confinement
and adsorption strength) affecting the intracrystalline diffusion, we
carried out analysis based on density functional theory (DFT) calcula-
tions (see Section 2 in Supporting Information). The intracrystalline
diffusivity D(0) at infinite dilution in SAPO-34 zeolites for three
groups of molecules, that is, N, and CO, C,H¢ and CH3OH, and iso-
C4Hg and n-C3H,OH, was summarized in Table 1. In each group, the
two molecules have close molecular diameter but with different

adsorption potential energy U.qs. As can be seen, the increased

adsorption potential energy can slightly decrease the diffusivity, but
the molecular diameter plays a more significant role in determining
diffusivity.®® To make further verification, D(0) of two groups of mole-
cules in silicalite®® (one is CH,4 and Ar, and the other is CF, and Xe)
were compared. Each group of molecules have different L-J potential
well but similar characteristic molecular diameter. As expected, B(0) of
each group is almost identical and independent of L-J potential well.
At this point, the major factor affecting intracrystalline diffusion might
be contributed to the confinement. Therefore, it can be argued that
the parameter B; in Equation (5) are closely related to the structure of
frameworks.

For the characterization of structure of zeolites and MOFs mate-
rials, the maximum included sphere diameter (MISD) and maximum
free sphere diameter (MFSD)*®2 will be used to describe the cavity
size dcage and window diameter dyindow: respectively.** The establish-
ments of MISD and MFSD have taken account of the interaction

potential in frameworks.

2.2 | Scaling relation between confinement and
adsorption entropy

Inspired by Equation (2), the pre-exponential factor of hoping rate can
be interpreted as the entropic contribution in the form of exp(AS™/R),
where AS™ is the entropy change associated with the molecules
approaching the top barrier of diffusion as it stays in the cavity.? It
can be identified that the loss of adsorption entropy is directly related
to the characteristic diameter of molecules. Meanwhile, for molecules
confined in the smaller cavities, the loss of degree of freedom will
become more pronounced. Therefore, the dimension of cavity deter-
mines the loss of adsorption entropy. Assuming the parameter Aﬁds is
approximately the negative of the dimension of cavity of the frame-

works, we obtain
(—ASyqs/R);; = A% 0; +Ca, (7)

where AS.g is the loss of the adsorption entropy (AS.gs < 0) due to
restricted motion of molecules in the confined cavities (J-mol~1.K™%),

Ajads the correction factor for the framework j (hm~%), which can

TABLE 1 The potential energy of adsorbed molecule and their
corresponding intracrystalline diffusivity at infinite dilution in SAPO-
34 zeolites at 300 K

Molecule o (nm) U.gs (kJ/Mol) DP(0) (m?/s)

N> 0.313 -30.52 4.52 x1071°
co 0.324 -113.27 2.09 x 107*°
CoHe 0.372 -35.27 1.69 x 10712
CH3OH 0.374 -103.90 7.05 x 1073
n-CzH,OH 0.441 -134.4 141 x 107V
is0-C4Hg 0.442 -98.25 1.03 x 10
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reflect the effect of framework on adsorption entropy, and Caj a con-

stant (dimensionless).

3 | EXPERIMENTAL AND SIMULATIONS
3.1 | Measurements of diffusivity and adsorption
isotherms

The synthesis of the SAPO-34 and DNL-6 zeolites has been
reported in our previous work.6¥%* By use of the Intelligent Gravi-
metric Analyzer (IGA-100, Hiden Analytical), the uptake rate of
methanol, propylene, propane, n-butene and iso-butene in SAPO-34
and DNL-6 were measured. The intracrystalline diffusivity and sur-
face permeability were decoupled as described in our previous
work.6® The detailed results and analysis of surface barrier and
intracrystalline diffusion can refer to Section 1 in Supporting Infor-
mation. Adsorption isotherms of ethylene, propane, n-butene and
iso-butene were obtained using IGA techniques. Langmuir adsorp-
tion model was used to determine the adsorption enthalpy and
entropy. For the detailed results and analysis refer to Section 2 in
Supporting Information. By use of membrane permeation, the
method of decoupling surface barrier and intracrystalline diffusion
are introduced in Section 1 in Supporting Information.

3.2 | Molecular dynamics

MD simulations of self-diffusion behaviors of methane, ethane, pro-
pane and n-butane at low molecular loading inside zeolites were per-
formed. The molecular loading was ~0.3 molecules/cage or channel of
zeolites. The initial framework structures of FAU, EUO, LTA, and LEV
were taken from the International Zeolite Associations database.®”
The selected super cells are 2x1x1, 2x1x2, 2x1x1, and
2x2x1(in x-, y-, and z-directions) for FAU, EUO, LTA, and LEV,
respectively. Periodic boundary conditions were applied in all three
directions. The interatomic interactions were described by the
condensed-phase-optimized molecular potentials for atomistic simula-
tion studies (COMPASS) force field. The initial adsorption structures
of molecules in zeolitic structures with fixed loading were obtained
via Monte Carlo (MC) simulations in the NVT ensemble, where the
particles number (N), volume (V), and temperature (T) are constant,
based on the Metropolis method.>* To ensure that the system is sam-
pled under an equilibrated state, a minimum of 1 x 10°> MC steps in
the NVT ensemble are implemented. Each simulation was first con-
ducted for 1 ns to reach equilibrium, and then continued for 5 ns to
study the molecular diffusion. In the simulations, a specified tempera-
ture (i.e., 250, 300, and 350 K) was set and controlled by a Nosé ther-
mostat.2” The velocity Verlet algorithm was used to integrate the
Newton's equations of motion with a time step of 1 fs. A cutoff radius
of 18.5 A was assumed for Lennard-Jones interaction potential calcu-
lation in all three directions. The Ewald & Group summation method

with an Ewald accuracy of 107> kcal/mol was used for calculating

AI?BEJ R NALJS;f13

electrostatic potential energy. The trajectories were recorded at time
interval of 50 fs. All simulations in this work were carried out using

the Materials Studio simulation package (Accelrys Software).

3.3 | Density functional theory (DFT) calculations

The adsorption entropy of diverse molecules in FAU, LTA, RHO and
CHA zeolitic frameworks were obtained by DFT calculations.>¢%® The
detailed structures, method and results could refer to Section 1 in

Supporting Information.

4 | RESULTS AND DISCUSSIONS
4.1 | The correlation for intracrystalline
diffusivities

To determine the parameters in Equations (4) and (6), the
intracrystalline diffusivity D(0) of various molecules in FAU (this work),
ZSM-5,7 ZIF-8 MOF,?¢ and SAPO-34°>¢87° (this work) at 300 K
were collected (see Section 1 in Supporting Information). Figure 2a
Shows f vor/frot. as function of the ratio between molecular diameter
and MFSD in FAU, ZSM-5, ZIF-8 MOF, and SAPO-34. Based on Equa-
tion (4), for the same framework, f rot/for Shows a remarkable
decrease as (abc)/d%indow increases. This reflects that molecules can
only enter the window with well suitable orientations when molecular
diameter become sufficiently larger or the dimension of window
becomes extremely small. Based on Equation (4), we obtain the
parameters A = 2.25 + 0.22 (nm~2), p = 3 and q = 1 by fitting the data
as shown in Figure 2a.

In order to further illustrate the role of rotational partition func-
tion as discussed above, we have conducted a set of molecular
dynamics (MD) simulations. We first determined the critical f rot/frot.
of propene for different scenarios. It is calculated that the critical
f rot/fror. OF propene is 1.00 if rotation is completely free, 3.87 x 1072
if rotation around one axis (for instance a-axis) is limited, 1.40 x 1073
if rotations around two axes (for instance, both a and c-axes) are lim-
ited, and 1.20 x 10~ if rotation around all three axes are limited. We
then conducted the simulations on f ot /fror. for propene molecules
when approaching the windows of FAU. EUO, LTA, and LEV frame-
works, as shown in Figure 3. It can be seen that, as a propene mole-
cule passes through the 12-member ring of FAU framework, the frot/
frot. Obtained via Equation (4) is about 8.87 x 1071, which is close to
1.0 and indicates that the propene molecule can rotate in all three-
dimension with minor limitation. When the propene molecule passes
through the 10-member ring of EUO framework, f rot/frot. reduces to
6.55 x 1072 that is close to the critical f ot /fro, Of 3.87 x 1072, which
demonstrates that the rotation around a-axis is severely limited.
When the propene molecule passes through the 8-member ring of
LTA framework, f rot/frot. reduces to 9.57 x 1073, which, however, is a
bit larger than the critical f ro/fror, of 1.40 x 1072, A careful observa-
tion suggests that, in this case, the rotation of propene molecule
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around a-axis is limited while the rotation around c-axis is partially
constrained when passing through 8-member ring of LTA. As can be
further observed, f rot/frot. drops to 8.83 x 10~* when the molecule
approaches windows of LEV framework, and in this case, the rotation
of propene molecule around almost all three-axes are constrained (see
Supporting Movie S1-54). Similarly, we also first calculated the critical
f rot/feor. OF methane, which is 1.00 in the absence of restriction on
rotation. It is 1.59 x 10~ if rotation around one axis is limited,
2.53 x 1072 if rotations around two axes are limited, and 4.02 x 1073
if all three axes are limited. As shown in Figure S6, we simulated f 1o/
frot. Of methane when approaching the windows of FAU, EUO, LTA,
and LEV frameworks. It is found that, as methane molecule passes
through 12-member ring of FAU framework, frot/foor. is about
9.94 x 1072, which is close to 1.0 and indicates that methane mole-
cule can freely rotate around all three axes with negligible limitation.
When methane molecule passes through the 10-member ring of EUO
framework, f ot /fror. reduces to 1.57 x 1071 (close to critical f vt /frot.

of 1.59 x 107%) and demonstrates that the rotation around one axis is

almost completely restricted. When methane molecule passes through
the 8-member ring of LTA framework, frot/frot. reduces to
3.95 x 1072 (close to critical f vt /frot. O 2.53 x 1072) and shows that
the rotation around two axes are severely constrained. As can be
seen, frot/fror. can drop to 6.16 x 10~ when the molecule
approaches windows of LEV framework, and in this case, methane
molecule's rotation around almost all three-axes are restricted (see
Supporting Movie S5-58). The MD results discussed above neverthe-
less can partly support our hypothesis, from a physically meaningful
basis, in deriving Equation (4).

For different frameworks, the change of the dimension of
cavity and window or pore contractions®? leads to the decrease
in diffusivity, which implies that every molecule in the cavity can
have probability g; to migrate from large cavity to the narrow
window by translational motion. In most cases, however, com-
pared to that of rotational partition function, the translational
influence on the

partition function has less pronounced

intracrystalline diffusivity.
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FIGURE 3 Snapshots of propene passing through the windows of different frameworks obtained by MD simulations: FAU (12-member ring),
EUO (10-member ring), LTA (8-member ring with window size of 0.415 nm), and LEV (8-member ring with window size of 0.347 nm) (see
Supporting Movie S1-54) [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2  Parameters A and B; in FAU, ZSM-5, ZIF-8 MOF, and
SAPO-34
Zeolite dcage (NM) Ai(-) Bj (nm~1)
FAU 0.729 2.52 3.80
ZSM-5 0.560 224 5.80
ZIF-8 MOF 0.410 2.10 11.20
SAPO-34 0.366 2.24 15.50

As can be seen from Figure 2b, the decrease in dimension of win-
dow and the increase in molecular diameters can both lead to signifi-
cant increase in activation energy. Equation (6) has been used to fit
the data in Figure 2b for each framework. As can be seen in Table 2
and Figure 2b, for the same framework, B; reflects the sensitivity of
increases in activation energy as the vdW diameter increases. An

exponential relationship between B; and MFSD can be established

based on the data for four frameworks (i.e., FAU, MIF, ZIF-8 MOF,
and CHA),

By = (54.90+2.72)exp( — (3.78 +0.10)dwindow;) (8)

From Figure 2d it can be found that as ¢ approaches 0.266 nm,
which corresponds to the molecules of H,, the activation energy E, it
becomes close to 3.40 + 0.20 kJ/mol. Note that the dimension of win-
dows of these four frameworks are sufficiently larger than the molec-
ular diameters of H,. For more general situations, an expression that
relates the activation energy of diffusion of H, to MFSD has been
established based on simulation data from a large collection of zeolites
and MOFs,?13> which reads E, qig(H2) = 9,684.10exp(—29.60d\yindow)
+(3.40 + 0.20) (see Figure S7). Combining this expression with Equa-
tion (8), the activation energy of diffusion of a variety of molecules in
different frameworks can be obtained through Equation (6).
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TABLE 3 Parameters Ajads, Caj» and correlation coefficient R? of

Equation (7) in H-FAU, Si-LTA, DNL-6, and SAPO-34 zeolites
Zeolite deage (NM) A% (nm~Y) Caj(-)
H-FAU 1.118 30.90 -5.78
Si-LTA 1.099 32.90 -5.57
DNL-6 1.037 35.10 -4.62
SAPO-34 0.731 39.80 -5.84

So far, the translational and rotational partition function of
intracrystalline diffusion can be predicted by Equations (3) and (4)/(5),
and the activation energy of diffusion E, 4i¢r can be predicted by Equa-
tions (6) and (8). Then we can determine the hopping rate k by Equa-
tion (2), and further predict the intracrystalline diffusivity by
Equation (1).

4.2 | The correlation for adsorption entropy

We studied the adsorption entropies of different molecules for frame-
works FAU, LTA, RHO, and CHA, and the results are shown in
Figure 4a. As can be seen from Figure 4a, for the same molecule, the
loss of adsorption entropy increases in the order H-FAU < Si-
LTA < DNL-6 < SAPO-34 (see Section 2 in Supporting Information).
This corresponds to the ordering of the adsorption strength: higher
entropy loss indicates stronger adsorption due to the confinement of
frameworks. Normally smaller cavity leads to a tighter fit of molecules
in the frameworks and consequently higher loss in adsorption
entropy. This is partly due to the contribution of vdW interaction
between molecules and frameworks or the restricted motion of mole-
cules in the confined spaces. Meanwhile for the same framework,

increasing molecular diameter of molecules will also result in higher

adsorption entropy loss. In fact, as represented by Equation (7), the
adsorption entropy can be considered as a linear function of average
molecular diameter. However, it should be specified that how to cal-
culate the parameters A,-ads and Ca; used in Equation (7).

Table 3 lists the adsorption entropies for all zeolites studied. As
can be found, the adsorption entropy can be fitted by Equation (7)
with a coefficient R? of 0.9604. In the following, therefore, we further
explore the method to calculate Ajads. From Figure 4a and Table 3, it
can be observed that, as the dimension of cavity decreases, Ajads
increases. A,vads can reflect the sensitivity of the change of adsorption
entropy owning to the change of the dimension of cavity for the same
guest molecules. For instance, for frameworks with sufficiently small
cavity, a minor increase in molecular diameter of molecules would lead
to the pronounced adsorption entropy loss, which in turn results in
higher Ajads. Inspired by this, we plotted Ajads against MISD in
Figure 4b. As can be seen, a linear relation also exists between A%
and MISD, with a correlation coefficient of R? = 0.9302:

A = (18.510.17)doge; + (52.88 +0.21) 9)

Based on the data in Table 3, the constant Cp; in Equation (7) can
be approximated as —5.44 + 0.49. Therefore, the adsorption entropy
for different frameworks can be predicted via the combination of
Equations (7) and (9), suppose that the molecular diameter of the

guest molecules is known.

4.3 | Prediction of the intracrystalline diffusivity

We first studied the intracrystalline diffusivity of different guest mole-
cules in nine zeolitic frameworks with varying extents of confinement.
These frameworks includes FAU,? ISV,”* MFI,$771 |TE, 7172 LTA 2573
IHW,”2 RHO,”* CHA,?*%25%55 and DDR.27® The prediction results
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were shown in Figure 5a, in which it shows that the predictions are
consistent with results from various simulations and/or experiments.
We then studied the effect of confinement on the intracrystalline dif-
fusivity. In doing so, we applied Equations (1) and (2) to predict the
diffusivity of methane in 15 zeolitic frameworks. For specified cases
where three axes are the same, the ellipsoidal molecules can be sim-
plified to the spherical ones, for example, methane. The predicted
intracrystalline diffusivities, as a function of MFSD (i.e., dwindow), Were
compared to that derived from MD simulations.®>> As shown in
Figure 5b, the predicted results agree well with the MD results with
R? of 0.9689. In Figure 5b, though both PON and BOF have similar
window diameter (dyindgow = 0.424 nm) and hopping distance, dc,ge of
PON (0.487 nm) is about half of dc,ge of BOF (0.886 nm). According
to Equation (3), Sirans. is 0.758 for PON and 0.229 for BOF. Approxi-
mately, the diffusivity of methane at infinite dilution in PON is five
times large than that in BOF.>* Basically, the increase of MFSD pro-
mpts the intracrystalline diffusion of methane in the framework. For

(a)

-
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FIGURE 5

0.50

MESD less than 0.6 nm where the confinement of the framework is
severe, the contribution of rotational partition function to the diffusiv-
ity is prominent as shown in Figure S8. Essentially the rotational parti-
tion function reflects that the possibility of suitable orientation of
molecules. This is because the narrowing of window may restrict
methane molecules to find suitable orientations at which the mole-
cules can cross the narrow window, as shown in Figure S8, which sig-
nificantly reduces the value of rotational partition function. For MFSD
large than 0.6 nm, the slope of intracrystalline diffusivity against
MFSD becomes much smaller. This can be explained as that, when
the effect of confinement becomes minor, f ot /f.or. approach 1.0 as
shown in Figure S8 and the intracrystalline diffusivity of methane
reaches a relatively narrow range of 1078 ~ 1077 m?/s. From these
discussions, the confinement effect by window on molecular diffusion
can be clearly revealed.

To further verify the applicability and accuracy of the proposed
methods, Equations (1) and (2) were also applied to predict the
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(a) Comparisons of predicted and measured intracrystalline diffusivity at infinite dilution for diverse molecules in FAU 2 ISV,”*

MFL77Y ITE,”Y72 LTA, 2573 IWH,”? RHO,”* CHA, 3556374 and DDR?72 zeolitic frameworks at 300 K. (b) Comparisons of predicted and simulated
intracrystalline diffusivity at infinite dilution of methane in VFI, CFl, CAN, MTW, TSC, MER, RHO, CHA, DDR, DFT, LEV, and GOO zeolites®® at
300 K. (c) Comparisons of predicted and measured intracrystalline diffusivity at infinite dilution for 13 molecules in ZIF-8 MOF at 273, 308,

373, 423 K24 (d) Comparisons of predicted and simulated activation energy of diffusion of methane in zeolites*>”# and MOFs.2? Intracrystalline
diffusivities are predicted by Equation (1) and activation energies are predicted by Equation (6) [Color figure can be viewed at

wileyonlinelibrary.com]
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diffusion of guest molecules in ZIF-8 MOF under different tempera-
ture. The MFSD of ZIF-8 MOF is 0.400 nm.>® As depicted in
Figure 5c¢, the predicted results can reflect the molecular sieving char-
acteristic of ZIF-8 MOF and are accordance with the simulated
intracrystalline diffusivity at 273, 308, 373, 423 K248 This verifies
that activation energies of diffusion predicted by Equations (6) and (8)
for diverse molecules are reliable. Then, Equation (6) was extended to
calculate the diffusion of methane in a large collection of zeolites and
MOFs.2135 |n Figure 5d, the activation energies of methane predicted
by Equations (6) and (8) were compared to the simulation results by
MD?'*% and experimental results by pulsed field gradient (PFG)
NMR.” In Figure 5d, the predicted activation energies of diffusion
are well consistent with experimental results for zeolites.”* The rela-
tive standard deviation from the predictions based on our developed
correlations is within 1.29 in Figure 5d. In this work, we mainly con-
sidered the effects of confinement of zeolite and MOFs materials on
molecular diffusivity. Beyond confinement effects, the interactions
between chemical composition of frameworks and molecules, among
others, may also play a role in affecting molecular diffusivity in
nanoporous crystalline materials.>>”> The intracrystalline diffusivities
at infinite dilution and activation energies of diffusion for 22 frame-
works were well predicted by Equations (1) and (6) with a correlation
coefficient R? of 0.9865. It can be observed that when MFSD
increases the activation energy of diffusion of methane demonstrates
a remarkable declination. In case of high activation energy of diffu-
sion, even the guest molecules can find suitable orientations to enter
window, the strong repulsive potential between molecules and the
window would significantly retard the translational motion of

molecules.

44 | Predictions of the adsorption entropies

In Equation (7), the parameter Ajads can be determined by Equation (9) with
information of MISD of framework, and the parameter Ca; can be treated
as a constant contribution of the vdW stabilization. Thus, by use of Equa-
tions (7) and (9), the adsorption entropies for various molecules in different
frameworks can be predicted, which are shown in Figure 6. The experimen-
tal adsorption entropies for various molecules in six zeolitic frameworks,
that is, KFIl, TON, MFI, FER, MOR, and LTL, which were collected from lit-

erature?2444576

were used for comparison. As shown in Figure 6, the
predicted adsorption entropies show good consistence with experimental
results for six zeolites, which collapse to a single line. Furthermore, com-
pared to the correlation from reference,** the correlation coefficient R? has

increased from 0.8539 to 0.9154.

45 | Applicable scope of correlations

Nanoporous carbon materials are important workhouse in catalysis
and gas separation.®27778 Molecular diffusivity in single walled carbon
nanotubes (SWNTs) was found to be order of magnitude higher than

in zeolites with same window diameter owning to the inherent
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FIGURE 6 Comparisons of predicted and measured adsorption
entropies for different molecules in KFIl, TON, MFI, FER, MOR, and
LTL zeolitic frameworks.** Colorful points are predicted by
Equation (7) and gray points are predicted from reference** [Color
figure can be viewed at wileyonlinelibrary.com]

smoothness of SWNTs.””"7? Essentially, the friction between mole-
cules and wall in SWNTSs is much lower than that in zeolite, and such
low friction between molecules and wall incurs less frequent
molecule-wall collisions and thus reduces momentum loss.”””? The
correlations proposed in this work were developed mainly for zeo-
lites and MOFs materials. Due to the significant discrepancy of sur-
SWNTs and zeolites/MOFs, the

correlations were not suitable, at current stage, to predict the diffu-

face roughness between
sivity of molecule in SWNTs. The correlations developed in this
work was limited in the diffusion or adsorption of molecule at infi-
nite dilution. The Reed and Ehrlich model®® can be used to deter-
mine the transport diffusivity at different molecular loading based
on the diffusivity at low molecular loading D(0). Skoulidas and
Sholl”* proposed an empirical relation to link self-diffusivity and
transport diffusivity at specific molecular loading. Though the con-
finement effects imposed by nanocavity or windows of nanoporous
crystalline materials have been taken into account, the effect of
chemical composition and acidity of framework on diffusivity are
mainly caused by complex interaction between framework and mol-
ecules.®17475 Different chemical composition and acidity of frame-
work can alter the potential energy of diffusion.®*”> The effects of
chemical composition and acidity of framework need to be further
studied with regard to the activation energy of diffusion. Conse-
quently, if may not be feasible to predict molecular diffusivity within
zeolites and MOFs materials with strong acidity.3!

The potential application of proposed correlations is expected to
provide fundamental parameters of mass transport and adsorption for
heterogeneous catalysis.11#151881 Another application for current
correlation is to estimate the ideal separation selectivity for system
with low molecular loading or pressure.?3> In this case, as shown by
Keskin and Sholl,?? the ideal separation selectivity can be obtained by

intracrystalline diffusivity and adsorption entropy suppose the


http://wileyonlinelibrary.com

GAO ET AL.

molecule-molecule interaction is negligible. As for the enthalpy of

|44

adsorption, Dauenhauer et al** estimated that for every 1 J-mol~.K™1

of adsorption entropy lose there is 509 + 19 J-mol~? of enthalpy that

a4

can be gaine which means that adsorption enthalpy can be

predicted from adsorption entropy approximately.

5 | CONCLUSIONS

Quantifying the intracrystalline diffusion and adsorption in confined
spaces is a crucial step toward understanding and rational designs of
nanoporous crystalline materials. Note that the dimensions of con-
fined spaces are comparable to the diameter of guest molecules in
most of nanoporous crystalline materials, the diffusion of molecules
in these confined spaces is closely related to the molecular diameter
and activation energy barrier. In this work, on the one hand, the dif-
fusion of guest molecules is related to the hopping rate according to
the transition state theory, and on the other hand, the hopping rate
is further interpreted as a result of combination of contributions by
translational and rotational motion. We differentiate and quantify
the contribution of translational and rotational motion of guest mol-
ecules by use of the partition function, and the interaction between
window and guest molecules by use of the repulsive potential.
Based on this theoretical analysis, we establish a fundamental
approach to quantify the intracrystalline diffusivity and adsorption
entropy at infinite dilution based on the partition functions in con-
fining systems. It has been shown that our proposed approach can
be used to predict the intracrystalline diffusivity and adsorption
entropy for a wide range of frameworks of zeolites and MOFs mate-
rials with reasonable accuracy.

It should be stressed that the correlations in this work are
restricted to predict the intracrystalline diffusivity and adsorption
entropy at infinite dilution in zeolites and MOFs materials. But this is
still a very important step as it can favor the understanding the mech-
anisms underlying the interplay between the confinement effect and
intracrystalline diffusion and adsorption, and the establishment the
structure-property relationships. Essentially, it can be used as a high-
throughput screening tool to identify the ideal materials for gas sepa-
ration and heterogeneous catalysis in which the diffusion of guest
molecules plays a critical role. Finally, it constitutes a potential way
for complementing the microkinetic models in zeolitic catalysis such
as methanol to hydrocarbons (MTH).
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