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ABSTRACT

A climbing image nudged elastic band (cNEB) algorithm was applied on the basis of density functional theory (DFT) calculations of the rotational barriers of eight
linear molecules (Hy, Ny, O2, CO, CO2, NO, N,O, CoH,) adsorbed in NaY and NaCaY periodic zeolite models at the Mell cation sites (the Na or Ca metal cation in the
SII site) located near the 6R windows. A specific approach is applied for molecules with positive quadrupole (Hy, CHz) and small negative quadrupole (304)
moments while applying cNEB. The obtained T-geometry relative to the cation is the most frequent case for Hy adsorption in cationic form sieves and metalorganic
frameworks (MOFs). The computed barriers for the T- and other linear (L) orientations are in good correlation with the quadrupole moments taken from literature
irrespective of the dipole values (CO, NO, N20). In the case of NaY, the Al distribution per 6R sites is also discussed which allowed finding particular favorite
adsorption sites. The calculated zero-point energies relative to the obtained rotational barriers regarding the Hj - Dy pair result in a qualitative agreement with the
experimental isotopic difference in the Hy/D5 adsorption heats in NaY which ultimately lead to the Hy/D2 separation coefficient.

1. Introduction The well-known absence of rotational branches of the vibrational tran-
sitions for adsorbed diatomic molecules (CO5 [1], N5 [2-4], CO [4-10],

Mono- and divalent metal cations are often the main source of the 0O, [3,11,12], Hy, Do [3,13], HD [13]), for example in zeolites, confirms
presence of an electric field at the surface and inside adsorbents. This that the rotational motions are suppressed while the rotational
leads to observe forbidden IR bands for linear molecules without dipole. sub-bands observed in MOFs allowed more detailed analyses of the
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rotational potentials [14-16] as well as inelastic neutron scattering data
[17-20]. In this domain, we showed that even in presence of mono-
valent cations (Na), the rotation of CO near the Nall cation (the Na
located in the SII site) in NaY zeolite is more hindered compared to the
relatively easier non-rotational diffusion between the Nall cations [21].
CO possesses a small dipole so that the origin of the rotational hindrance
might be questioned. A relevant discussion was also held many years ago
by Kington and MacLeod who showed the dominant role of the molec-
ular quadrupole moment in the decrease of the differential adsorption
heat with coverage (from 0.01 to 0.3) for Hy, Ny, O3, CO, and CO; in
natural chabazite (NaCa-chabazite) and calcium chabazite (Ca-chaba-
zite) zeolites [22]. Intuitively, one supposes a loss of the favored mo-
lecular orientation relative to the electric field vector at high coverage
(already at the coverage of 0.3 and higher [22]) due to interactions with
other adsorbed species. It means that a molecular re-orientation takes
place within the same coverage interval (<0.3) so that the rotational
barrier should also be directly related to the dipole and/or quadrupole
values. In this respect, an attempt to connect the quadrupole moment
and diffusion of Ny and CO; in the Na-ZSM-5 forms at high Si/Al ratio
(more than 20) was undertaken in terms of the molecular residence
times at the cationic site [23]. Different models of gas separation in
narrow pore zeolites [24-26] indeed emphasize the importance of the
interaction between the molecular rotation of the adsorbate and the
motions of the cation when passing the 8R windows (or double D8R)
blocked by the cation.

An accurate description of molecular rotations in the adsorbed state
is also of prime validity for the modeling of Hy/D5 isotope separation in
zeolites [27-29] and MOFs [30-35]. To determine either the kinetic or
the static origin in the Hp/D; separation in flexible MOFs [32,33,35],
adsorption energies of Hy and D should be precisely estimated because
their difference is an important factor for their separation as well as
regarding their difference between their zero-point energies (ZPE). The
rotational energy fraction is an essential part of the total ZPE similarly to
the ones from the intra-molecular vibration and of the center-of-mass
(COM) modes. At a non-zero barrier, the rotational ZPE for ortho- and
para-Hj (para- and ortho- Dy) increases relative to 2By, and 0 (X = H or
D), respectively, for a free X5 rotor, 2By, being the rotational constant.
Therefore, an accurate determination of the barrier is important for the
calculation of the total Hy or Do adsorption energy, for which the sum of
vibrational and rotational ZPE values can take from 23 [31] to 43% [28]
of the total adsorption energy.

The most predictable approach to evaluate the rotational barrier is to
generate a series of “rotated” geometries for any linear molecule (X3 or
XY) located in the Me" T -X; plane (Me = metal) between two stable Me™
* .X-X’' and Me" © -X’-X minima. However, the application of such
strategy to homonuclear molecules requires considering the possible
variation of the cation — center-of-mass distance during rotation. The
case of heteronuclear molecules is then more complex due to the parallel

Supercage
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varying X-Y length for opposite orientations (for CO example, see values
in Figs. 1 and 2 of ref. [21]), their variation being stronger than for
homonuclear ones. As a result, even in the Henry’s law region (without
adsorbed nearest neighbors and respective interactions), one should
consider more complex motions than described by a pure rotation due to
its interaction with the other translational degrees of freedom. These
translational-rotational interactions also contribute to the barrier profile
so that the heat of adsorption changes with coverage as described in the
work of Kington and MacLeod by 1959 [22]. Additionally, both mo-
lecular multipoles and polarizabilities will also vary upon physisorption
in strong electrostatic fields. Numerical [36] and analytical [37] ap-
proaches to involve such corrections were shown, for example, for the
Hj case.

The difficulties described above for both homo- and heteronuclear
adsorbates indicate that elaborate methods are required for assessing the
respective “rotational” trajectory in the framework. In the present work
aiming to evaluate the accuracy of the barrier - quadrupole correlation,
we used the climbing image nudged elastic band (cNEB) code developed
by Henkelman et al. [38,39] within VASP [40,41] to compute the
rotational barriers for a set of diatomic (Hs, N, O, CO, NO) and linear
polyatomic (CO3, N3O, CoHy) molecules including three of them with a
small dipole moment (CO, NO, N50). The optimization of the adsorbate
trajectory with ¢cNEB permitted to include new distorted model geom-
etry at each new rotation angle along the trajectory. The rotational
barriers were calculated nearby the mono- and divalent cations in NaY
and NaCaY (denoted as CaY below) zeolites and compared versus their
quadrupole moments @ (%420,,) known from literature. The considered
cationic sites at the 6R windows are the most frequent in the popular
zeolite frameworks as the Mell type in FAU [42] or the Mel type in LTA
[43D).

In Part 2, one presents the selected parameters for the calculations
with the respective codes. Then, one depicts the geometries of the
models optimized with VASP which are further considered as input for
the ¢cNEB method (Part 3.1). In Part 3.2, one describes all barriers ob-
tained with cNEB and illustrates the relevance of the approach for MOFs
by comparing the isosteric heat differences between H; and D, measured
in zeolites and MOFs. The importance of the Al distribution in NaY is
presented in Part 3.3 regarding particular types of Nall/6R sites. The
calculation of the ZPE values and heat differences between Hy and D5 is
presented in Part 3.4. An emphasized attention to the solution of the
rotational problem for Hy and Dy is commented in Part 3.5. The
importance of the anharmonic character of the potential energy (Part
3.6) and the relation between quantum and kinetic sieving effects in NaY
(Part 3.7) for Hy/Ds are shortly discussed. In the final part, one justifies
the use of the cNEB analysis (Part 3.8), as well as additional possibilities
to classify the specific cation-molecule interactions (Part 3.9).

Fig. 1. General view of 2 supercages (one is shown
by circle in solid line) and sodalite cage (dot-dot-
dashed line) connected with double 6R (or D6R,
dotted line), and two types of 6R(nAl) rings (dashed
line) of NaY. The positions of Nal’ and Nall cations
and H, molecule near the 6R(0Al) ring are depicted.
Atom colors are gray (small spheres), red, blue,
magenta, and yellow for H, O, Na, Al, and Si,
respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 2. Geometry of (a) O, (b) CO., (c) CO, (d-f) N2O,
and (g-h) C,H, at the (a, b, d-h) Call or (c) Nall sites of
the MeY supercage (only one supercage is shown) for
the case without Al atoms (a, d-h), with three Al atoms
per 6R ring (b, ), at the (a-d, g) initial, (e, h) transition,
and (f) final state of the molecular rotation. Angles (a,
B) of the molecular axis deviations are shown in (b, c).
Atom colors are gray (small spheres), olive, blue (two
linked atoms), red, blue, magenta, yellow, cyan and
green for H, C, N, O, Na, Al, Si, and Ca, respectively, in
(c, d, g). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)
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2. Computational details

Conventional models of MeY zeolite (Si/Al = 3) with the NajsAl;5.
Sizg096 and NagCayAl;2Siz¢0g6 formula (denoted below as NaY, CaY)
were built according to ref. [44]. For illustration, a fragment of NaY
including 2 supercages and the sodalite cage connected with two double
6R rings (only one of two D6R rings is visible) is given in Fig. 1. The
initial model with F23 spatial group symmetry contains two supercages
per unit cell and involves four 6R(3Al) rings with 3 Al atoms (na; = 3)
and four 6R(0Al) rings without Al atoms (na] = 0). The supercage with
four 6R(0AI) rings is shown in Fig. 1 by a solid circle, while the second
supercage with four 6R(3Al) ring is in the center.

Plane wave computations with periodic boundary conditions using
the PBE [45] and PBEsol [46] functionals were performed within the
projector augmented wave (PAW) method [41,47] implemented in
VASP [40,41]. Dispersive energy corrections were considered at the zero
damping D3 [48,49] levels. Comparable accuracy of D3 corrections for
periodic systems relative to that of D4 was shown in ref. [50]. Atomic
charge density distributions were analyzed using the Bader [51], Mul-
liken [52] and Léwdin [53] schemes developed in the Bader [54] and
Lobster [55] codes. The scripts provided by the Transition State Tools for
VASP were used to build the initial images for the climbing image
nudged elastic band (cNEB) calculations [38,39]. The energy cut-off was
set to 500 eV. The Brillouin zone k-sampling was restricted to the
I'-point for the geometry optimization, the transition state (TS) search
and the lowest energy path construction via the cNEB calculations, and
the vibrational analyses. Regarding the application of denser k-grids for
analogous zeolite cells [56], a 2 x 2 x 2 grid was also tested (Part 3.2)
confirming that the use of the '-point for MeY is totally sufficient as, for
example, shown in Ref. [57]. Vibrational frequencies were computed
using the finite difference method (0.015 A atomic displacements) as
implemented in VASP. A spin-polarized solution was considered only for
the ground triplet state of 20y molecule.

As a test for the validation of the results obtained at the general
gradient approximation (GGA) level of computations, the relative sta-
bilities of the NaY periodic models with different Al distributions were
also evaluated with the hybrid Hartree-Fock (HF)-DFT functional using
CRYSTAL17 [58]. A middle-range corrected
Henderson-Izmaylov-Scuseria-Savin (HISS) functional [59,60] was
applied with the same atomic basis sets as recommended in CRYSTAL17
[58]: 8-511G for Na [61], TZVP for H [62], and 8-411G* for O, 88-21G*
for Si, 85-11G* for Al [58] as for the GGA calculations. The basis sets for
O, Al, and Si have already been tested earlier [63].

The LEVEL code was used to solve the 1D radial equation according
to the Numerov-Cooley method for the Hy (or Ds) center-of-mass vi-
bration relative to the Nall cation [64]. Calculated points were
approximated by 4th-order polynomials producing an equidistant grid
(around 70-80 points) as input for LEVEL. The contributions to the ZPE
values from two the other (translational) degrees of freedom for Hy (or
D5) center-of-mass motions parallel to the 6R plane were evaluated as
minor ones based on the hindered rotations for a “center--
of-mass-zeolite” pseudo-diatomic molecule model in the center of the
a-cage of the LTA zeolite [28,29]. 2D rotational models with the
Sams-MacRury approach [65] were considered in an own home-made
code that was already tested earlier for different van der Waals clus-
ters [66] and Linde A type zeolites [28,29]. The figures of the 3D
structure of the different models were drawn with MOLDRAW 2.0 [67].
Molecular motions along with the rotational trajectories (see SM) were
obtained using wxMacMolPlt [68].

In order to apply the obtained V barriers for the calculation of the
heat of Hy adsorption in NaY, we adopted an Hy model without coupling
between the rotational and center-of-mass motions. Such approximation
was successfully used both in zeolites [28,29] and MOFs [31,33]. The
independent solutions for the center-of-mass vibration relative to Nall
were obtained using the Numerov-Cooley method implemented in the
LEVEL code [64]. A 2D rotational model was then developed using the
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Sams-MacRury approach [65]:
U =V x Cos¥0) + V; x (1-Cos(ng)) @

wherein n is an integer value, 0, the angle between the “Nall(or Call) —
center-of-mass” vector and the adsorbate axis (Fig. 2g), and ¢, the angle
between the OX axis of the local coordinate system at the X3 center-of-
mass (X = H, D) and the adsorbate axis (Fig. 2g). The solution of the
eigen-problem with the potential (Eq. (1)) was obtained with our own
home-made code that was already tested for different molecular CgHg —
XY clusters with n = 6 [66] and Linde A type zeolites with n = 2 [28,29].

To outline, one should clearly separate the applications of three main
codes used herein. VASP is the main work tool at the DFT GGA level for
all the data. The accuracy of the relative stabilities of the NaY models at
the DFT GGA has been verified with the hybrid DFT (HISS) functional
using CRYSTAL. Single point computations with the hybrid DFT func-
tionals like PBEQ are much more time consuming with VASP. The LEVEL
code is only limited to the 1D radial equation using the anharmonic GGA
potential energy obtained with the VASP code (the latter gives harmonic
frequencies).

3. Results
3.1. Optimized geometry of the adsorbate molecular locations

Two main issues were considered. The first one is related to the
analysis of the “quadrupole moment - rotational barrier” ratio for a se-
ries of different linear molecules mainly at the Call site of the NaCaY
form with the highest electric field and possibly the highest electric field
gradient (few points were also calculated at the Nall sites of NaY for
comparison). The emphasis on Call was determined by the highest
electrostatic value due to the highest Ca?* atomic charge to reveal the
possible correlation.

Regarding the quadrupole moment - rotational barrier ratio for the
eight molecular gases, the Call site model in CaY was selected without Al
in the 6R ring (na] = 0) for which we estimated the Ca contacts only with
the Si-O-Si oxygens of the 6R ring (Fig. 2). Such Ca coordination with
the O atoms was found to be weaker compared to the other models with
Al, therefore leading to the highest electrostatic field effect and gradient
on the rotation. The relative stability of the optimized T-type (when the
vector from the Me cation to the molecular center-of-mass is perpen-
dicular to the molecular axis, Fig. 2g) agrees with the positive (Hy, CoH3)
quadrupole moment. Linear (L) positions (Me located along the molec-
ular axis, Fig. 2b, d, f) of the adsorbates relative to the Me cation
correspond to negative quadrupole moments in the case of N3, CO, NO,
N20, COs. For Oy, its small negative quadrupole moment (Table 1) does
not lead to the favored L-orientation because a larger dispersive energy
is obtained for the T-type in the Me-O; orientation (Fig. 2a). The
2.711-2.742 A range values calculated herein for CaY are in good
agreement with the measured XRD experimental value 2.74 A for Ca—C
(0) in Ca-chabazite [69].

3.2. cNEB results regarding the “rotational barrier - quadrupole”
correlation

To apprehend the rotational barrier - quadrupole correlation, one
performed cNEB calculations for all eight adsorbates, Hy, No, Oz, CO,
CO», NO, N50O, and C,H, in CaY, and for three of them, Hs, CO, and CO-
in NaY located at the Mell sites with the various numbers of Al atoms
(nap) in the nearest 6R ring. The initial and final configurations of the
rotational trajectory were obtained for symmetric molecules via a per-
mutation of two atoms of the same chemical element in the unique
optimized position. For non-symmetric molecules, both the initial and
final configurations were optimized.

For the molecules with a positive quadrupole, H, and CyHa, and for
triplet 20y, a problem was noted while applying the ¢cNEB scheme due to
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Table 1

Literature sources regarding the experimental or calculated ® quadrupole mo-
ments ( x 10° Cm?, refs. in middle column) of the considered molecular species
(dipoles are known for CO (p = 0.0481 eay) [70], NO (p = 0.0622 eap) [71], N.O
(p = 0.0633 eag) [72]) versus the rotational barriers V (eV) calculated in MeY
(na; = 0) at the PBE/PAW level (Fig. 3).

Gas (€] Ref. Me \%
0, -1.50 [89] Ca 0.150
H, 4.34 [90] Ca 0.143"
Na 0.087"
N» —4.72 [91] Ca 0.301
Ca® 0.277
NO —6.51 [92] Ca 0.283
co -8.58 [91] Ca 0.428, 0.486"
0.457¢
Na 0.235, 0.168
0.2329
N,0 -11.0 [93] Ca 0.543
CO, ~13.4 [91] Ca 0.568, 0.575°
Na 0.298
CoH, 20.5 [94] Ca 0.660

2 0.124 eV from the assignment of Hy/Cal spectra in NasCasA with similar
Call sites at 6R rings [73]; 0.173 eV from empirical pair wise potentials [28].

Y 0.084 eV for Hy/Nal in NasCasA and 0.083 eV for Hp/Nal in Naj,A from
empirical pair wise potentials [28].

9 PBEsol-D2.

9 PBEsol-D3BJ.

® ny; = 3 (open triangle in Fig. 3).

the obtained T-geometry with the cation at equilibrium (Fig. 2a, g). As a
result, cNEB led to a more preferable path via a ¢-rotation (in the plane
perpendicular to the vector passing through the cation and molecular
center-of-mass) compared to the path of 6-rotation (in the plane passing
through the cation and molecular axis, Fig. 2g) having larger barrier.
Therefore, additional steps were developed to evaluate the barrier of
6-rotation with cNEB. A combination of the two initial profiles with one
common intermediate state (similar to the probable TS) taken as the
initial geometry for cNEB allowed to get the profile along the 6-rotation
and thus to obtain the transition state (with imaginary frequency) and
the rotational barrier V.

The calculated rotational barriers versus the quadrupole moments are
shown in Fig. 3. No correspondence between the molecular sizes and
barriers is observed, since the vdW radii of Ny is larger than the one of
CO, this in opposite ratio with their barriers. For the widest set of eight
molecules, one observes a good correlation irrespective of the small
dipole values for CO (p = 0.0481 eap) [70], NO (p = 0.0622 eag) [71]
and N3O (p = 0.0633 eag) [72]. The correlation even improves from
0.929 to 0.978 while discarding the data for the molecules with positive
quadrupoles (Hy and CoH,"). The final coefficient of 0.929 for all 8
molecules is satisfactory.

The calculated rotational V barrier value of 0.143 eV for Hy (Table 1)
is in a reasonable agreement with the known experimental value of
0.124 eV at the similar Cal site in NaCaA [73]. Using empirical schemes,
an overestimated barrier of 0.173 eV was previously obtained for the Hy
barrier above Cal in NaCaA (Table 7 in ref. [28]), while a better
agreement between the computed barrier of 0.084 eV at Nal in NaCaA
[28] is noted with the current 0.087 eV value (Table 1). The good cor-
relation with the empirical estimations of the Hy barrier [28] justifies
the comparisons with the other evaluations from empirical schemes in
MOFs [18,19]. It is worthwhile to note that the barriers above Na*
obtained herein are comparable with the ones estimated for other cat-
ions in MOF, 0.086 eV above Y>* in Y-FTZB [18], 0.076 eV above Mg?*

! One should note the accurate computational quadrupole value for H, [90]
and experimental one for CyH, [94]. When considering the experimental
quadrupole for NO, —4.62 x 10~% Cm?, versus the recommended theoretical
value 6.51 x 10~*° Cm? [92], the correlation slightly improves (Fig. 3).
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Fig. 3. Rotational barriers (eV) of Hy, O3, NO, CO, CO5, N2O, CO,, and CoHj in
CayY (circles in red connected by dotted line) or NaY (triangles in blue) zeolites
for the case without Al atoms (filled symbols) and with three Al atoms per 6R
ring (open symbol) versus the absolute values of the molecular quadrupoles ( x
10*° Cm?). Correlation coefficients are given for all 8 molecules (dot-dashed
line in red; correlation of 0.928), without CyH» (linear fit for 7 points via dashed
line in black; correlation of 0.945), without H, and CH, (linear fit for 6 points
via dot-dashed thick line in green; correlation of 0.978). For NayY, a line fitted
through 3 points for the case without Al atoms per 6R is also given. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

in [Mg3(02CH)g)] [19], due to a denser cationic coordination by the
ligands in MOFs than in zeolites. This idea is in agreement with the
observation of the rotational structure of vibrational transitions in MOFs
[14-16] which is depressed in the cationic form zeolites due to higher
electric field/field gradient and hence of the rotational barriers.

Regarding the small Hj barrier of 0.087 eV in NaY (Table 1), some
test using a wider 2 x 2 x 2 k-grid instead of one I'-point was realized at
two (Hp) and one (Ny, CO3) points of symmetric molecules along their
rotation trajectories and at the minima for two orientations of non-
symmetric molecules CO, NO, and N0 in CaY and NaY (H; only) as
calculated earlier using the I'-point. The respective changes (Table S1)
with the denser grid are less than 2 x 1073 eV for the total energy at both
points and for the heat of adsorption, and even less than 103 eV for the
rotational barrier of Hy (as difference of the energy values). This
smallness of the energy variations at the 2 x 2 x 2 k-grid relative to
those calculated at the '-point only confirms that considering the latter
is sufficient for all gases.

The good correlation for the widest “® - V” series of values for CaY
(Fig. 3) means that the barrier value is mainly determined by an elec-
trostatic term proportional to the interaction Egjec energy between the
molecular quadrupole and field gradient:

Ecec & -0 % q; x (3c0s*(8) - 1)/(4R}) ()

wherein O is (1/2)0,,, 0;, the angle between the electrostatic field vector
and molecular axis (that should be close to & — a, rad, Fig. 2¢), and R;, the
distance between the atomic charge q; and the molecular center-of-mass.
The use of © gas state properties for the molecules in (Eq. (2)) is justified
by the small charge transfer (Table 2). Due to the proportionality be-
tween q; (Table 3) and Egje. via Eq. (2), the ratio between the nearest
atomic charge and the rotational barrier V is proportional to Eejec. The
obtained double difference between the CO rotational barriers over Nall
(in NaY) and Call (in NaCaY) sites is in agreement with the predicted
difference from the three applied electron partition schemes (Bader,
Mulliken, Lowdin) for na; = 0 or 1 (Table 4). It allowed to show that the
rotational barriers increase by a factor of two when switching from Na to
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Table 2

Charge transfer (Bader (B), Mulliken (M), Léwdin (L)) from the CO molecule
towards the Call and Nall cations in CaY and NayY, respectively, with different
number of Al atoms per 6R ring (na)), calculated with the Bader [54] and Lobster
[55] codes at the PBE/PAW level (“Na_pv” and “Ca_pv” pseudopotentials (PPs)
are applied).

na Ca Na

B M L B M L
0 0.041 0.07 0.10 0.038 0.05 0.10
1 0.040 0.07 0.11 0.021 0.05 0.09
2 0.037 0.06 0.11 0.014 0.04 0.08
3 0.036 0.07 0.10 0.006 0.02 0.08

3 for Bader Na charges with “Na” PP.

Table 3

Bader (B), Mulliken (M), and Lowdin (L) type charges (e) of the Me = Ca and Na
(four Nall and four Call atoms in NasCasAl;,SizsOg¢) cations with different
number of Al atoms per 6R ring (na;) calculated with Bader [54] and Lobster
[55] codes at the PBE/PAW level (“Na_pv” and “Ca_pv” pseudopotentials (PPs)
are applied). The Mell atom closest to CO is noted in bold.

Me nal Bu) Mh) Lc)
Na 0 0.87 1.02 0.87
0.87 1.02 0.87
0.85 0.98 0.79
0.87 1.02 0.87
1 0.87 1.02 0.87
0.87 1.01 0.87
0.85 0.97 0.79
0.87 1.01 0.87
2 0.87 1.00 0.87
0.86 0.96 0.81
0.86 0.99 0.87
0.86 1.00 0.87
3 0.86 0.99 0.87
0.86 0.96 0.81
0.86 1.00 0.87
0.86 0.99 0.87
Ca 0 1.63 1.92 1.76
1.65 1.98 1.84
1.65 1.98 1.84
1.65 1.98 1.84
1 1.64 1.98 1.86
1.62 1.90 1.77
1.64 1.94 1.85
1.64 2.00 1.87
2 1.64 1.93 1.85
1.62 1.94 1.78
1.64 1.93 1.84
1.64 1.93 1.84
3 1.64 1.93 1.85
1.62 1.93 1.78
1.64 1.93 1.85
1.64 1.93 1.85

@ for Bader Na charges with “Na” PP.
) 0.92-0.94 ¢ for Na cations (non coordinated to CO) with “Na” PP at na; = 0.
9 0.78-0.80 e for Na cations (non coordinated to CO) with “Na” PP at np; = 0.

Ca. The ratio of the slopes (Fig. 3) for the lines fitted for NaY (3 points for
Ha, CO, CO3) and CaY (7 points without CoHy) yields to a 0.561 value,
closer to the Bader evaluations.

3.3. Al distribution in the 6R windows of NaY

The relative populations of the Nall sites in NaY which are first
occupied by an adsorbate at small coverage should be taken into account
to obtain averaged heat values. The common sense hints in favor of the
most stable 6R sites with 3 Al atoms per ring. It should produce a tight
binding between Na™ and the oxygen atoms of the Si-O-Al types. The 6R
sites with 2 Al should be less stable and so on. The discussion below
helps to evaluate the best stabilization considering the NaY model of
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Table 4

Bader, Mulliken, and Lowdin type atomic charges (e) of the Call and Nall cat-
ions, q(Na)/q(Ca) ratios (the ratio interval [(q(Na)/q(Ca))min, (Q(Na)/q(Ca))max]
is determined by the range [q(Na)min/q(Ca)maxs A(N@)max/q(Ca)min]) in the MeY
zeolites as calculated with the Bader [54] and Lobster [55] codes at the PBE/-
PAW level. The two bottom rows correspond to the V(Na)/V(Ca) rotational
barrier ratio from the cNEB calculation for CO, and CO.

Type Me  Charges [(q(Na)/q(Ca))min, (q(Na)/q
(Ca))max]

Bader Ca  1.628-1.641  0.517-0.525
Na  0.849-0.854

Mulliken Ca  1.93-1.96 0.467-0.477
Na  0.91-0.93

Lowdin Ca  1.80-1.84 0.416-0.433
Na  0.77-0.78

V(Na)/V(Ca) for - - 0.525"

CO,
V(Na)/V(Ca) for CO - - 0.358-0.549"

3 According to the rotational barriers V, data from Table 1.

Uytterhoeven et al. [44] wherein the highest stability corresponds to the
highly symmetric NaY model (4/0/0/4 in Table 5) with 4Nall sites with
3 Al atoms per 6R and 4Nall sites without Al per 6R, for a total of eight
Nall sites per UC (U = —1171.819 eV in Table 5), all 8 sites being
occupied by 8 Na. The second 3/1/1/3 model is obtained via a Al/Si
permutation between the initial 6R(3Al) and 6R(0Al) sites thus creating
6R(2Al) and 6R(1Al), respectively. This T site is exposed to the super-
cage and belongs to the adjacent sodalite cage. The third Al (U =
—1170.931 eV) and fourth Al (U = —1169.956 eV) site atoms are shifted
from the 4R windows which are parts of the supercage and D6R frag-
ments. In these cases, the energy drop is even larger. So, arbitrary
transfers between T sites diminish the total stability by more than 1 eV
per UC irrespective of the place of the Si/Al exchange. The same trend is
confirmed at the hybrid DFT level (HISS functional [59,60]) using the
same geometries as optimized at the PBE-D3 level (Table 5).

The explanation of the results is probably related to the minor energy
gain due to the interaction between Na™ and the Si-O-Al moiety. The
latter O atom indeed possesses a larger atomic charge (in absolute value)
versus the Si—O-Si one [63,74]. But the stronger Na'-O interactions does
not seem to cover the energy differences due to the exchange between
the 6R and 4R sites. So, the apparent Al distribution with the lowest
fraction npa; = 0 in the 6R ring is not the thermodynamically favorite one
for NaY (Table 5). The Si sites in the 6R(0Al) rings belong to the Si(1Al)
type, which is observed in the 2°Si NMR spectra with usually intensive
band around of —100 ppm [75].

The interaction energy AU values for Hy near the Nall sites were
calculated with variable number of Al atoms per 6R. One observes a
steep decline of AU due to a lower electric field and electric field
gradient (Eq. (2)) produced by Nall at a larger na) value. The decrease of

Table 5

Total energy U (eV), relative energies AUy (eV) = U - U(4/0/0/4) of the four
NaY(Si/Al = 3) models with different fractions of 6R(nx)) sites corresponding to
na = 3, 2, 1, and 0 Al atoms per 6R window (for a total quantity of eight 6R sites
per UC). The different NaY models are obtained via Al/Si exchange between the
different T positions; the H, — NaY interaction energy AU (given in eV and kcal/
mol to be compared with the values in Table 6) is calculated at one of the 6R
(nAl) sites of the same row. The (4/0/0/4) distribution corresponds to the
optimized NaY model from ref. [44]. All the NaY models used for the single point
calculations with the hybrid HISS functional [59,60] are optimized at the
PBE-D3 level of theory.

6R types -U AUgy nal AU(PBE-D3)

PBE-D3 HISS eV kcal/mol
4/0/0/4 1171.819 0.000 0.000 0 0.121 2.790
3/1/1/3 1171.544 0.275 0.268 1 0.105 2.421
2/2/1/3 1170.931 0.888 0.925 2 0.098 2.260
2/3/0/3 1169.956 1.863 1.950 3 0.097 2.237
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the Na charge with np; is different according to the chosen charge
partition schemes in the case of CO near the Nall/6R site in NaY (from a
slight q(Na) charge decrease using the Bader or Mulliken scheme to a
slight increase or conservation with the Léwdin one as shown in
Table 3). But more importantly for Hy near Nall/6R, the H-Nall dis-
tances grow from 2.64 to 2.65 A (na; = 0) to 2.74 and 2.77 A (na1 = 3)
thus confirming a decline of the electric field gradient. The same reasons
lead to a parallel decrease of the rotational barrier for all adsorbates. The
barrier decrease with ny) is obtained for CO at two positions near the 6R
without Al (filled triangle) and with 3Al (open triangle) in NaY (Fig. 3).
As the 6R(0Al) sites occur in the most stable (4/0/0/4) model (Table 5)
and as these sites result in the highest interaction energy AU, their role is
important in the Hy/D5 separation in NaY. Our obtained difference for
Hpy is reasonably smaller, 2.421-2.260 kcal/mol in the right part of
Table 5 for NaY(Si/Al = 3), than the one for CO,, 0.48-0.72 kcal/mol
between 6R(2Al) and 6R(1Al) [57] but it is important for the heat of Hy
adsorption. One will discuss the respective heats for Hy/D5 in the next
part including the evaluation of the ZPE terms.

3.4. The importance of the rotational ZPE for Hz adsorption in NaY

Considering NaY, three advantages should be emphasized regarding
the analysis of the rotational effects for the heat of adsorption. First, the
heat of Hy adsorption in NaY is approximately in the narrow range of
1.505 [76], 1.600 [771, and 1.648 kcal/mol [78] at small coverages and
2.05 kecal/mol extrapolated at zero Hy coverage in NaX with a similar
[79] or higher [77,80] activity of NaX for the Hy/D, separation relative
to NaY. Second, a difference in the heats of adsorption between Dy and
H, was measured and confirmed as an equilibrium value in coherence
with thermodynamic methods [79] so that our approach (without
quantum tunneling and any kinetic effects) is justified. Third, the cation
distribution in NaY is rather simple (V; ~ 0) compared to NaX or NaA for
which the geometry of the nearest Nalll cations could result in more
complex rotational models with other rotational quantum numbers [2.8,
29]. Nall can occupy the 6R window with different Al numbers (np; =0 -
3) but we consider only the case without Al (na] = 0) as explained in the
previous Part 3.3. It was selected in the present work because of the
emphasized Hy - Na interaction compared to other 6R sites with na =
1-3. The Nall/6R(na = 0) site thus corresponds to the Henry region
wherein the calculated data can be compared to the experimental dif-
ference (0.179 kcal/mol) in the heats of adsorption between D, and Hy
(or extrapolated to 0.35 kcal/mol from differential heats at zero
coverage of NaX) [79]. An analogous value of 0.175 kcal/mol was
measured for NaX [81].

Table 6
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The results of the computations are given in Table 6. The potential
curves of the center-of-mass vibration versus Na cation were calculated
with VASP (Fig. 4) and were used to find the part of vibration-rotational
AZPEy; term (AZPEy; = Eya + Eva - Erg, Erg = 0 or 2Bxo, for p-Ha/0-D2 or
0-Do/p-Hj, respectively, in Table 6). For simplicity, the heat of Dy
adsorption at Nall/6R (na = 0) site was calculated with the same po-
tential energy surface describing the H; - NaY interaction. The heats of
both ortho- or para-Hy adsorption at PBE level, 0.922 or 0.800 kcal/mol,
respectively (Table 6), are too low compared to the experimental value
for NaX zeolite, i.e., 2.400 and 2.050 kcal/mol for D, and H,, at zero
coverage [79]. The adsorption heats calculated at the PBE-D3 level,
2.027 and 1.903 kcal/mol for o0-Hs and p-Hy (Table 6), are closer to the
experimental Hy values at zero NaX coverage due to the dispersive D3
corrections [79]. At this PBE-D3 level, the computations of ZPE were
performed for Dy as well (Table 6) to be compared with the experimental
difference of 0.179 kcal/mol between the heats of adsorption of Dy and
Hjy [79]. Despite different absolute values between experiment [79,81],
the consequences of the experimental Qags(D2) - Qads(H2) heat differ-
ences for NaA, NaCaA, and NaX obey to a similar order, ie., 0.211,

Table 7

Contractions of the three shortest Me-O, bonds (Rye.0, A) between the initial
state (IS, the Me cation is weakly attached to the framework oxygens O,) and
transition state (TS, the Me cation is strongly attached to O,) at the Mell site of
the supercage MeY without Al atoms per 6R ring (na; = 0) calculated at the PBE/
PAW level. The T-types (the vector directed from Me to the molecular center-of-
mass is perpendicular to the molecular axis) and L-types (Me is located along the
molecular axis) depend on the quadrupole’s sign (S), with the exception of 30,.

Me XY S State Type Rye-0z
Na Hy + IS T 2.374, 2.373, 2.377
TS L 2.372, 2.373, 2.373
Cco - IS L 2.374, 2.377, 2.382
TS T 2.366, 2.367, 2.371
CO, - IS L 2.367, 2.368, 2.371
TS T 2.355, 2.355, 2.359
Ca %0, - IS T 2.374, 2.373, 2.377
TS L 2.372, 2.373, 2.373
CcO - I L 2.379, 2.421, 2.425
TS T 2.373,2.417, 2.418
N0 - I L 2.388, 2.434, 2.438
TS T 2.361, 2.402, 2.402
CO, - IS L 2.384, 2.432, 2.432
TS T 2.364, 2.407, 2.408
CoHy + I T 2.395, 2.431, 2.441
TS L 2.365, 2.405, 2.417

Total interaction energy AU (kcal/mol) calculated at the PBE and PBE-D3 levels, energies of the lowest center-of-mass vibrational E,, (cm 1) and rotational E, (cm ')
states for adsorbed ortho- and para-X, (X = H or D), shift of vibrational and rotational zero-point energies AZPE,, (kcal/mol) = E, + Er, - Er; upon adsorption, wherein
Eg = 0 or 2Bxy, for p-Hy/0-D; or 0-Dy/p-Ha, respectively, in the gas state (E,, is calculated with the LEVEL code, and Ey, is calculated from the rotational eigen-problem
V (in units of rotational constants By») from potential (Eq. (1))), and heats of the adsorption Q,qs (kcal/mol) = AU — AZPE,,, at the Nall site of NaY (By, of H, are 60.62,
60.58 cm ! at the PBE and PBE-D3 levels, respectively). The additional AZPE; contribution (Eq. (4)) to the total AZPE (Eq. 5a-b) is given in the text (1 kcal/mol =

349.76 cm™ ).
Case AU Eva Xy V/Bxa Era AZPE,, cm ™! AZPE,; kcal/mol Qads
PBE 1.587 120.4 p 11.58 154.8 275.2 0.787 0.800
o 233.5 232.6 0.665 0.922
PBE-D3 2.760 137.1 p 12.45 162.6 299.7 0.857 1.903
o 240.4 256.3 0.733 2.027
PBE-D3" 2.760 99.3 o 24.90 126.8 226.1 0.646 2.114
p 161.9 200.6 0.574 2.186
Exper.” - - - - - - - 2.050%, 2.400™,
1.505%, 1.600%, 1.648"
D D,
" for H, if no other remark.
9 [79].
D [76].
9 [77].
D [78].
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Fig. 4. Potential curves (eV) versus the Hy center-of-mass (COM) - Nall distance (;\) cation obtained at the (a) PBE or (b) PBE-D3 levels and used as input for the
LEVEL code [64]. Calculated values (circles) are approximated by a 4th-order polynomial (solid line).

0.135, 0.148 kcal/mol [79] or 0.300, 0.150, 0.175 kcal/mol [81]. Both
series were obtained at low temperatures (62.0, 77.3, and 90.4K [79]
and 75 and 90K [81]). To be precise, let us to note that the ortho-para
content should also be taken into account. The equilibrium (denoted
as e—) ratio of 3/1 for ortho-Hyp/para-H; and the ratio of ! for para--
Dy/ortho-D; give:

Qads(e-D2) = 0.333 x Qugs(p-D2) + 0.667 X Q,ds(0-D2) = 2.138 kcal/mol(3a)
Qugs(e-Hp) = 0.25 x Quas(p-Ha) + 0.75 X Quqs(0-Hp) = 1.996 kcal/mol (3b)

and a heat difference of 2.138-1.996 = 0.142 kcal/mol that is smaller
compared to 0.179 kcal/mol for NaY [29]. If one admits an ortho-para
conversion of equilibrium Hj content (3/1) to normal-Hy one (1/1) at
low temperatures of 77-90 K:

Qags(n-Hp) = 0.5 X Quas(p-Ha) + 0.5 x Quas(0-Hp) = 1.965 kecal/mol  (3c¢)

leading to a higher difference of 2.138-1.965 = 0.173 kcal/mol for NaY.
A minor increase of the Q,gs(D2) - Qadqs(Hz) heat difference (due to a
decrease of total AZPE) can be evaluated from intramolecular H-H/D-D
vibrations on the basis of the experimental IR spectra of Hy/D5 in the
NayCasA zeolite [3]. In this zeolite, Hy shows a very similar behavior
compared to NaY regarding the large V barrier (Table 1) and a nearly
free rotation parallel to the 6R ring (barrier V; ~ 0 in Eq. (1)). The IR
data relate probably to an Hy/D location at the most occupied Cal site in
NayCasA (similar to Call one in NaCaY) so that they can serve as upper
boundary for the intramolecular vibrational AZPE; at Nall site. The
intramolecular 0 — 1 vibrations of Hy/D5 in NasCayA are red shifted by
Awag(X) = =73 £ 2/-55 £ 1 em ™t [3], respectively. A decrease of
AZPE; between Hy and D, can then be evaluated using an harmonic
approximation (HA) as the difference:

AZPE; = ¥ x [he(Awg(Dy) - (Ayg(Hp)] = (=55 + 732 = 9 cm ™" or 0.026
kcal/mol @

Summing this correction, one has:

AZPE = AZPE,; + AZPE; = 0.173 + 0.026 = 0.199 kcal/mol (52)
for e-Dy/e-Hy mixture or:

AZPE = AZPE,; + AZPE; = 0.142 4 0.026 = 0.168 kcal/mol (5b)

for e-Dy/n-Hy mixture, both close to the experimental Qugs(D2) -
Qads(Ho) heat differences given above [79,81]. However, the estimations
(Eq. 5a-b) should be considered as upper boundaries because the red
shift in NaY is smaller (in absolute value) being between Aw,g(Hz) =
—36 cm~ ! [82] and -39, —46 cm ! [83] (no value is known for D5). The
AZPE; term at the Nall site is hence smaller, even if the respective
Awag(Dy) value at NaY is unknown. Despite this, the final AZPE value
(smaller than with Eq. (5a-b)) leads to a good coincidence with the
experimental heat difference [79,81] and hence provides a way to an
accurate computation of the isotopic separation factors. Surprisingly,
the AZPE,, estimations for NaY fit properly with the recent data on

isosteric AHg; heats within the range 77-87 K in Cu-based MOF with the
CHA topology [84]. The AHg; difference decreases approximately from
0.18 to 0.15 kcal/mol while the Dy/Hy coverage grows from 0 to ~6
mmol/g (the estimation of 0.15 kcal/mol is from Fig. 5a of ref. [84]).
The authors of ref. [84] observed a better Dy/Hy separation than in
NaCaA that indeed corresponds to higher AZPE,, values (nearly coin-
ciding herein with the AHg difference for FJI-Y11 type) than the
experimental data of 0.135 kcal/mol [79] or 0.150 kcal/mol [81] for
NaCaA at similar conditions.

3.5. Out-of-plain and in-plain Hj rotation

In the present work, we implemented a scheme to evaluate the
rotational barrier V (Eq. (1)) of Hy in the NaY and NaCaY zeolite using
the cNEB method. The knowledge of such rotational barrier is of prime
importance for accurate calculations of the adsorption energies of light
adsorbates, as Hy and Do, since the rotational ZPE could be the essential
part of the total ZPE together with the vibrational center-of-mass mode
(as compared to the small AZPE; (Eq. (4)) of the intramolecular vibra-
tion). At a non-zero barrier, the rotational ZPE for ortho- and para-H,
(para- and ortho-Ds) increases relative to 2Bx2 and 0 (X = H or D),
respectively, for a free X; rotor, By, being the rotational constant. One
should note that a lower rotational ZPE determines a slightly higher heat
of adsorption (and a better adsorption) for “rotating” ortho-Hjy (at both
PBE or PBE-D3 levels) and para-D5 isotopomers (Table 6) in agreement
with chromatographic data for NaA and with the conclusions about the
paramount importance of hindered rotations for Hy adsorption [27]. In
terms of a two-dimensional rotor model (Eq. (1)) [65,85] the V barrier
corresponds to an out-of-plain rotational barrier A (using the notations of
refs. [28,29,65]). In general, an in-plain rotational barrier p (parallel to
the 6R plane, denoted as V; herein) is usually around zero for both Nall
and Call sites [28] (named as Nal and Cal in NaCaA) and hence was not
calculated herein. It signifies that adopting a one-dimensional hindered
rotor model (out-of-plain) for Hy based on computations of energies for
the lowest rotational levels [85] provides a realistic rotational ZPE
energy.

3.6. Anharmonic character of the potential energy surface

The treatment of the center-of-mass motions and molecular rotation
within the harmonic approximation (HA) is often admitted while the
anharmonic (AH) character of the potential energy surface is extremely
important for the entropy and free energy [86,87]. The AH character
was taken into account for both vibrational and rotational degrees of
freedom and leads to a good agreement with the experimental Q4s(D2) -
Qads(Hz) heat differences at low temperatures [79,81] in absence of
rotational - vibrational coupling. This justifies the extrapolation towards
the obtained models for higher temperatures for which the AH behavior
is of higher importance. Let us note that it is difficult to discuss on a
quantitative agreement without any data about ortho-para-Hy/D2 con-
tent at experimental conditions. Due to the high rotational constant of
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Ho, the difference between AH and HA models is crucial for the partition
functions and the energies of rotational states. The anharmonic char-
acter of the potential energy for the center-of-mass motion relative to the
cation (the “wall” of the supercage, Fig. 4) made us to apply the LEVEL
code because the VASP code calculates harmonic frequencies. The latter
cannot provide an accurate ZPE contribution because of the over-
estimated energy of the ground vibrational state.

3.7. Quantum sieving versus kinetic sieving effects for Ha/D2

We wish to point out that the large pore diameter in NaY allows the
Ha/D2 molecules to freely pass through the wide 12R windows. There-
fore, the absence of kinetic effects can be justified. An earlier similar
approach was applied for the calculation of the o-p-H; and p-o0-D; sep-
aration coefficients in the narrow pore of NajoA and NasCasA [28].
Their adsorption via narrower pores (4-5 A) in the LTA types at low
temperatures and low (135-160K [27]) or middle (55-110K [28]) X5
coverages can involve both tunneling and kinetic effects but a reason-
able agreement was nevertheless achieved. A slightly worse agreement
for Hy compared to two independent sources of measured o-p-H sepa-
ration coefficients was indeed observed below 77K [28] but it can be due
just by more than 8 molecules per a-cage allowed by the model. The
main difference between the current study and ref. [28] is the way to
calculate the adsorption energy. In ref. [28], empirical pair-wise po-
tentials with parameters fitted to satisfy IR shifts of adsorbed H; were
used to describe the eight adsorption sites (positioned at the corners of a
distorted cube) in terms of the heterogeneous Ising model with two types
of Hy/D5 adsorption sites (2 + 6 in Naj2A and 4 + 4 in NasCagA). The
current work and refs. [28,29], however, show the main role of the
enthalpy factors for the interpretation of Hy/D5 spin and isotopic sepa-
ration. At this point, we agree with the opinion that the chemical affinity
quantum sieving due to different ZPE and contributions to the partition
functions at various centers is a decisive factor for isotope separation in
MOFs while kinetic quantum sieving could happen in relatively few
systems [32,33].

3.8. A posteriori justification of the approach to estimate the rotational
barrier

The cNEB calculations implemented here indicate the complex na-
ture of rotation of the adsorbate and hence cast doubt on the simplified
estimations of their rotational barrier in the adsorbent framework. We
observe a shift of the cation from its site (relative to the atoms of the
nearest 6R ring) along the rotation (the initial and transition states in
Table 7). The comparison between the Me-XY initial state geometries (i.
e., T-type for positive quadrupoles and L-type for the negative ones) and
the transition state (i.e., top of the barrier with opposite molecular L and
T-configurations relative to the initial ones) showed a shift of the cation
expressed via the variation of the Ryje.o, distance (Table 7). The length of
the displacement depends on the adsorbed molecule. It reveals the first
additional problem for alternative methods to evaluate the barrier from
two different orientations of the molecule (as mentioned in the Intro-
duction). The displacement of the Ca?* cation around its equilibrium
position during, for example, the rotation of CaHy, i.e., at the minimum,
leads to Ca-O, bonds of 2.395, 2.431, and 2.441 A versus 2.365, 2.405,
and 2.417 A at the transition state when Ca is strongly attached to the
framework oxygens (Table 7). Such behavior is also typical for other
molecules (Table 7) with a minimal Me shift for Hy and O, with minor
variations around some thousandths of A (possibly at the level of the
accuracy of the method used herein).

The second problem with a simplified approach for calculating the
barrier in the case of XY = CyH; (positive quadrupole) and NO (nega-
tive quadrupole) is the deviation of the Ca-XY geometry at the transition
state of the rotational profile from the strict L- or T-orientations,
respectively (Fig. 2e and h). We assign the angular fluctuations to a
specific combination of the electrostatic and dispersive energies. These
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deviations are however not evident a priori and require a direct
computation.

3.9. Absence of specifically strong CO2 interactions with the framework
cations

The concept of specific ion - CO, quadrupole interactions is often
considered to apprehend gas separation effects for CO, mixtures. The
cationic drift along the rotation (Part 3.8) can serve as a measure of the
possible influence of the adsorbed molecule on the cationic position via a
variation of Me-O, distance upon rotation. For CO,, one notes no
stronger interaction between both Na and Ca cations compared to the
other adsorbed molecules. The Me-O; shortening is 0.01 A upon either
CO; or CO drift to the top of the barrier along the trajectory in NaY
(Table 7). A higher variation of ~0.03 A of the Ca-O, bonds in CayY is
obtained for CyHy and N,O rotations compared to the one for CO,
~0.02 A. In CaY, the order of the shifts corresponds to the sequence: O,
< CO < CO7 < CoHy < N2O (Table 7). It also signifies that no specific and
stronger CO3 interaction with Na or Ca located in 6R windows was
observed relative to the ones with other adsorbates, as periodically
questioned in literature mainly regarding 8R positions [26].

4. Conclusions

Rotational barriers for eight molecules, Hp, N3, O3, CO, CO3, NO,
N0, and CoH,, were calculated at the Mell sites in the NaY and NaCaY
zeolites using periodic DFT, the cNEB method, and VASP code. Addi-
tional efforts were addressed to the molecules with a positive quadru-
pole (Ha, CoHs) and 30, while applying ¢cNEB because of the obtained
equilibrium T-geometry versus the cation. Such approach for a molecule
with positive quadrupole near a cation realized above can be also
addressed to a molecule with negative quadrupole close to the anion (for
example, a framework O atom) when a T-geometry has also been ob-
tained. As Hy possesses rather high vibrational and rotational ZPE
values, the latter have to be calculated when adsorbed in zeolites, or in
MOFs. The rotational ZPE can be estimated with the approach of Sams
and Mac-Rury admitting the decoupling of the vibrational motion of the
center of mass and the rotational motion of the Hj axis. Both barriers are
required for the method of Sams and Mac-Rury but cNEB can determine
the lowest barrier for the Hj rotation parallel to an approximate 6R
plane. As initial guess for the profile along the 6-rotation (the highest
barrier), a combination of two initial profiles for cNEB both containing a
common intermediate state near the top of the barrier was proposed.
This led to a qualitative agreement with experimental Quqs(D2) -
Qadgs(H2) heat differences. An essential fraction of the Nall/6R sites
without Al in the 6R window was shown to be the consequence of the
most stable NaY model that had been earlier derived by Uytterhoeven
et al. Analogous relative stabilities of the NaY models with different Al
distributions in 6R were obtained at the GGA (PBE-D3) and hybrid
(HISS) functionals. A further step for a quantitative agreement could
only be discussed on the basis of data with a known ortho-para-Hy/Do
content at the experimental conditions which are yet absent to our best
knowledge. Analogous sites in the 6R windows are extremely frequent
for a wide set of the sieves as AEI, ERI, FAU, GME, KFI, LEV, LTA, LTL,
LTN, MWW, OFF, etc. The important issue is that the quadrupole —
gradient field interaction dominates throughout the series of eight
molecules in the rotational barrier, while dipole terms hinders weakly
the rotation of CO, NO, and N»O. Traditionally, most authors addressed
to the lowest permanent electric moment, like CO dipole, while dis-
cussing its diffusion. Regarding the choice of the effective atomic
charges in empirical potentials for the CO, NO, and N,O adsorption, one
strongly insists on the primary importance of the quadrupole fitting
compared to the relatively small dipole values. The addition of atomic
charges in empirical potentials to simulate the molecular quadrupole
values helps to avoid the rotation of the adsorbed molecules with a non-
zero quadrupole but is not able to properly involve the important
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rotational correlation along the diffusion.
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