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The interaction energy and band shift values of the fundamental vibrational modes of CO and N, adsorbed
within the NaY and NaRbY zeolite forms are calculated using a pair-wise addition scheme. A clear difference
between the most stable positions of CO and N, in NaY and NaRbY is observed. While, for NaY, both
diatomic probes are close to the alkali-metal ion, this is not the case for NaRbY. For CO, the isolated Rb"-CO
pair-wise interaction cannot describe the system, because the Rb—CO and O-CO distances are comparable
whereas for N, within NaRbY, the molecule is closer to the framework oxygens than to the Rb. The influence of
both molecular and zeolite framework parameters (ionic charges, polarizabilities, and radius) on the interaction

energy and band shift values is definitively proven.

I. Introduction

Zeolites are crystalline aluminosilicates whose applications in
the areas of chemical synthesis and separation processes are
continually increasing. Therefore, IR studies of small probe
molecules like carbon monoxide, nitrogen, and hydrogen
adsorbed within zeolite frameworks have become a popular
and powerful method for understanding the adsorbed state
of the guest molecule and the host system. At the same time,
numerous theoretical attempts! have helped to provide a dee-
per insight into the influence of the zeolite structure on the
spectra of the adsorbed molecules. For example, for CO, the
band shift (BS) of the fundamental vibrational transition of
adsorbed CO has been correlated not only to the type of cation
directly involved in the adsorption process' but also to the
electrostatic influence of the framework. In relation to this, it
is worth recalling that appreciable variations of the BS values
for adsorbed H,>* and CO? within the sodium exchanged form
of different zeolites (ZSM-5, MOR, X, Y, A) have indicated a
strong influence on the interaction energy (IE) of the whole
zeolite framework. These findings indicate that the total BS
cannot be interpreted only on the basis of the isolated Me™—
CO pair approach (Me = Li, Na, K, Rb, Cs).* For example,
the framework influence on the adsorption of methane was
partially mimicked by constructing a cluster around the cation,
ie.,, Me[HAI(OH);].>® Similarly, the BS values of CO
adsorbed within ZSM-5 and the main channel sites of morde-
nite (MOR)’ have been interpreted on the basis of a simple
model including only the electrostatic field induced by Me™,
the two closest oxygen atoms, and an additional field compo-
nent generated by the remaining zeolite framework polarized

t For part I see ref. 19.
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by the presence of the cation, but neglecting the effects of the
adjacent cations. This crude approximation is acceptable for
low cation populated zeolites only (e.g., ZSM-5 or the main
channel sites of MOR) but cannot be extended to frameworks
with lower Si/Al ratios such as zeolites Y, X or A. This trend
in the development of models*”’ clearly underlines the neces-
sity of treating, as accurately as possible, the IE between the
probe and zeolite structure represented via a more general spa-
tial model including explicitly the influence of all the frame-
work and extraframework atoms.

This approach is even more necessary if the influence of the
cationic nature of Y type zeolites on their activity is consid-
ered, as has been already demonstrated for the aldol condensa-
tion reaction of acetone,® the disproportionation of
alkylsilanes,9 etc. On this basis, it is evident that variation of
the cation location can change strongly both the ratio between
the IE components and the total IE value. Theoretical investi-
gations are thus necessary to clarify the influence of this ratio
on the reaction mechanisms. They surely will help in the
experimental assignments of the cation positions proposed
for the Zn,'® Cd,'"!2 La,'>!* Cu,' Rb,'® and other forms of
Y zeolite. In our previous study,'® IR spectra of CO and N,
probes in the adsorbed state were also recorded.

Calculations of the probe position inside a zeolite should
take into account all components of the IE, e.g., electrostatic,
inductive, dispersive, charge transfer, exchange-overlap or
repulsive.!” Similarly, the effect of all contributions to the BS
value coming from the different IE components should be con-
sidered. This is possible using either ab initio approaches or
through simplified pair-wise addition schemes. The second
method does not allow us to estimate the charge transfer con-
tribution, but this drawback is of minor importance (this is
practically true when dealing with alkali-metal cations). The
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small magnitude of the charge transfer has indeed been
demonstrated by energy decomposition procedures like the
constrained space orbital variation (CSOV).!8

In this work, we will use the pair-wise addition scheme to
evaluate the IE and BS. The BS values can be computed pro-
vided that the dependences of all multipole moments and
polarizabilities of the probe molecule, as well as the dispersive
and repulsive coefficients for all ““host-guest” atom pairs are
known with respect to the probe internuclear distance p.
Within the pair-wise scheme, it has been shown that the p
dependence of the repulsive coefficients can be determined
from the routine condition of the equilibrium position of the
adsorbed molecule relative to all ions of the adsorbent. If such
an equilibrium does not exist for the O,.,—CO pair (owing to
the negative charge on C), a possible approximation of the
repulsive coefficients with p could be achieved allowing a stable
0,.01—-CO configuration for the higher vibrational states of CO
within the NasCa A zeolite."”

Therefore, we have calculated the IE and BS values for CO
and N, adsorbed within the Na and Rb forms of Y zeolite in
the same way as for Na,CasA." As all theoretical bases as well
as all necessary CO and N, molecular properties are presented
in the preceding paper,'® we start with the ionicity determina-
tion for the Y model and with an additional intercombination
rule for the dispersive coefficients used in this paper as com-
pared to ref. 19. In section III, we will illustrate the main char-
acteristics of the zeolite models. In section IV, all results for the
CO/NaY and CO/NaRbY models based on the comparison
between the calculated and experimental BS values will be dis-
cussed. In section V, we will present the problem of the BS cal-
culations for the N, case within the various chosen zeolite
models. Finally, a comparison of the electrostatic field values
with available experimental estimations is made in section VI.

II. Ionicity of Y zeolite models and
intercombination rules

The total interaction energy (IE) U, between the adsorbed
molecule and the zeolite framework can be evaluated as the
sum of the electrostatic Ueec, inductive Uyng, dispersive Usgigp ,
and repulsive U, interaction contributions. All necessary
expressions are given in detail in ref. 19.

The total charge of each cationic (or anionic) zeolite sub-
unit has been determined through the ionicity parameter
g0 .>° For zeolite Y with Si/Al = 3, corresponding to the total
formula NaSi;AlOg?! the relation is:

8

g0 = ¢(Na) + 3¢(Si) + g(Al) = Y _ |¢(Ox)] )
k=1

It is worth mentioning that such ¢o computation leads to a lar-
ger ionicity by a factor of 2 as compared to the value used for
the A type zeolites.!*?°

The charge dependences of the ionic polarizabilities and
radius (Table 1 for Rb and Table 3 in ref. 19 for Na, O, Si,
and Al) require the consideration of all framework atoms in

Table 1 Polarizability o and radius r functions expressed as linear
X(q) = X(0)— Aq forms (a,° and ag) for Rb (see ref. 19 for Na, O,
Si, and Al)

X9 g-Dependence X(0) A
o Linear 43.9 42.2°
R Linear 2.48° 1.814¢

@ Ref. 22. ° Estimated A value considering a«(Rb%) = 1.7 a**
(a0> = 0.148 x 1073 m?). ¢ Ref. 23. ¢ Estimated A value considering
FRbY) = 1.52 ag* (ap = 0.5292 x 1071° m).

all interaction terms. As has been widely shown,?® the neglect
of a part of the electrons for example related to the framework
Al or Si atoms provides zeolite models with different electron
redistributions at different go. Such a difference obviously
leads to errors in the dispersive term which vary with the ioni-
city. This is particularly important because of the intercombi-
nation rule for the van der Waals (vdW) coefficients C;;. A
common expression can be used on the basis of both the Kirk-
wood-Miiller (KM) and Slater—Kirkwood (SK) rules. If we
express the diamagnetic susceptibility via o; and 1;,?® e.g., in
atomic units:y; = /moi/(4¢?), ¢ being the velocity of light,
then the Cj; values can be given by:

Cy = 3/2 o/ [(o1/n)* + (2 /)] @)

where o; and n; are the static polarizability and number of elec-
trons of the framework ion i, o; and nap are the static polariz-
ability and number of electrons of the AB diatomic probe (j
corresponding to the parallel and perpendicular ion—molecule
orientations without difference between the i~AB and i~BA
geometries). In formula (2), the number of electrons is calcu-
lated as n; = ng, — q(i), ng; being the electron number of the
respective ion i. For the KM case, ny, is the total number of
electrons, ie., nco = nna = 14, while for the SK rule, ng,; is
the number of valence electrons, i.e., nco = nna = 10.

III. Zeolite Y models

We considered all 156 framework atoms?! belonging to the
central unit cell of NaY with the lattice constant (¢ = b = ¢)
of 24.767 A and the F23 spatial group. For N, interacting with
NaY, we here show that a fragment containing 19 cells is large
enough to give accurate IE and BS values. For the NaRbY
form, we have assumed that all atoms have the same coordi-
nates as in NaY, the Rb substituting Na at position II within
the supercage.?! The four Na, ions within the hexagonal prisms
are assumed to remain in their positions. The same charge
ratio ¢(Al)/q(Si) = 0.8447?! was used for all zeolite models
considered below.

Two different O atom types are present in NaY or NaRbY,
i.e., those belonging to the Si—-O-Si moieties (crystallographi-
cally independent O,, O4, Os, O; atoms, see Table 7 of ref.
27) and those of the Si—-O-Al (O, O3, Og, Og) ones. Even
though the O atoms of each type of Si-O-T moiety (T = Si
or Al) in zeolite Y have very similar average T-O bond dis-
tances (R) and Si-O-T angles (3) (which together determine
the O charge value®’) within each of the two groups, they will
be considered as separate ones. For Si—-O-Si, our results based
on the ps-21G*(Si)/6-21G*(0O) basis set periodic Hartree—
Fock (PHF) computations®® showed that the charge ratios
q(04)/q(0;) are 1.003, 1.003, and 1.004, for i = 7, 5, 2, respec-
tively. One should mention that this level of basis set corre-
sponds to nearly “convergent” atomic charges in the series
STO-3G — 88-51G(Si)/6-21G(0) — ps-21G*(Si)/6-21G(0) —
6-21G*(Si, O) for all-siliceous systems.?® Previously, the
applied atomic charges were calculated with split-valence basis
sets which were indeed overestimated as compared to the other
basis sets of this series. In order to determine the ratio between
the charges of the oxygens of the Si—-O-Al and Si-O-Si types, a
simple analytical approximation, fitted with respect to R and
for 79 crystallographically independent oxygens of all-siliceous
zeolites?”?° was applied to 63 oxygens of the Si-O-Al type
within the five H-form zeolites.>® The O charges of Si-O-Al
type are higher by about 1.1 e with respect to those of Si-O-
Si for similar internal coordinates (R, 3). Hence, we have
adopted a model (called below the CRY model) based on
the charge ratio 1.1 for all Si—-O-Al oxygens and 1.0 for all
Si—O-Si oxygens. Let us note that an alternative O charge dis-
tribution with more pronounced differences between charges,
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i.e., charge ratio between 0.89 and 1.12 (called below the UDM
model), was obtained by Uytterhoeven et al.*!

For both CRY and UDM models, the charge values esti-
mated on the basis of the electronegativity equalization
method (EEM)?! were used, which led to an ionicity of
go = 6.584 ¢ for zeolite NaY. The usual O charges, obtained
via PHF calculations performed with the STO-3G basis, range
between —0.6 and —0.8 e, which leads to gg = 4.8 and 6.4 e.
The ionicity go = 6.584 e could thus be considered as a lower
bound. As an upper estimate of gy, we could consider values
provided by PHF computations with a basis of 6-21G qual-
ity.” Then, O charges range between —1.1 and —1.2 ¢ and
qo 1s between 8.8 and 9.6 e, respectively. In this work, we will
limit the gy range for zeolite Y to between 6.584 and 9.5 e.

IV. Co-adsorption

IV.1. Spatial models of the CO molecule

The determination of the molecular semi-axes of CO on the
basis of a fitting procedure of the frequency of the experimen-
tally observed two main bands of the fundamental vibrational
transition of CO adsorbed in NaCaA has already been dis-
cussed.'® The two peaks correspond to two different orienta-
tions of CO relative to the zeolite: Ca*>~-CO and Ca*>-OC.
In order to determine the three CO semi-axis values, the
experimental IE obtained at small coverages is used as a third
reference point. By the fitting procedure, we obtained four dif-
ferent models for CO, all corresponding to nearly the same
molecular volume (c¢f. Table 7 in ref. 19). In this way, we have
CO relevant parameters and IE expressions (eqn. (2)—(11) all
given in ref. 19), which are needed to calculate the BS and
IE values for NaRbY. The results are very close for all spatial
CO models (Table 2). For this reason, in the following, we will
consider the A model only which is in accordance with a con-
ventional 7, /ry<1 relation (with the exception of section
1v.3).

We next calculated the IE and BS values for both CRY and
UDM oxygen charge distribution models considering various
g(Me) parameters (Me = Na, Rb) for both zeolites (Table
3). Compared to the experimental BS data,'® the UDM model
provides (by using a higher Me charge) rather underestimated
BS values for NaY and overestimated ones for NaRbY or (by
using a lower Me charge) underestimated BS values for both Y
forms. As the BS values calculated with the CRY model are in
agreement with the experimental ones (Table 3), it will be the
only model used below.

IV.2. Interaction energy calculation

Using the CRY model, we then calculated the energy profiles
along different directions passing through the center of a soda-

lite cage (Fig. 1, R = 0 corresponding to the center of the
cage). The deepest Nat—-CO IE minimum was found near
the Na, ion in NaY (Fig. 1 and 2(a)) at R = 21 g (11.1 A)
or near the Rb, ion at R = 17 g, (Fig. 2(b)) in NaRbY. Both
these sites were thus considered as the favoured positions for
CO. One should mention that the dispersive IE component is
very important for both cases (Fig. 2(a) and(b)). The situation
inside NaRbY differs because of a higher contribution from
the dispersive component. The position of CO with respect
to the frameworks is shown in Fig. 3.

The slope of the IE terms with the probe internuclear p dis-
tance (Fig. 4) does not correspond to the absolute IE values
usually estimated at equilibrium p. (as in Fig. 2(a) and (b)).
It is clear that for both Me = Na or Rb the “dipole” BS con-
tribution largely dominates (Table 4) over the others in accor-
dance with all previous estimations'* (Fig. 4(a) and (b)). This
explains why the simple electrostatic model proposed in ref. 7
was able to reproduce the experimental BS of CO adsorbed
within the ZSM-5 and MOR frameworks.

An important point of our study is the charge dependences
of the other atomic properties such as the polarizability and
radius of the framework atoms (Table 1). In order to illustrate
the influence of the variations of the Rb radius (2.48 A)B on
the BS calculations, we replaced the value 2.48 A of Rb by
2.28 and 2.68 A using the NaRbY model with ¢(Rb) = 0.65
e and ¢p = 9.5 e and the SK intercombination rule. These
replacements shift the BS from 12.9 cm™! to 13.6 and 11.7
em™!, respectively, to be compared to the experimental data
of 14 em™!. A small decrease in the BS by 0.2 cm™! was also
obtained on replacing the radius of Rb™, 1.52 A by 1.48
A*! for the same zeolite model. This variation changes the final
BS and IE values only very slightly. As we did not find polar-
izability data o«(Rb") substantially different from those
adopted here (in ref. 22, a(Rb™) = 1.8 A3), the influence of
the o(Rb™) variation was not considered.

IV.3. Approximation of the repulsive coefficients

The electrostatic repulsion is the main reason for the unstable
O-CO linear orientation already discussed in the litera-
ture.'”3? As a result, repulsive O-CO coefficients cannot be
calculated from the equilibrium position condition of the
probe molecule relative to the negative framework O ion. Still,
the BS calculation requires an approximation of the repulsive
coefficients within the interval where the vibrational probabil-
ity distribution with respect to the internuclear CO distance p
cannot be neglected. Such an approximation can be based on
the dependence of the CO dipole moment upon its internuclear
distance p variation. The sign of the moment changes at larger
p values and this corresponds to the inversion of the C and O
charges leading to stable O,.,—CO configurations for the
higher vibrational states of CO. On this basis, we propose to

Table 2 Influence of the molecular CO model (cf. Table 7 in ref. 19) on the total interaction energy Uso, (1 x 1072 Ej, = 2.627 kJ mol~') and band
shift A values while adsorbed within the NaRbY zeolite, with g(Al)/¢(Si) = 0.8447.%! using parameters ¢(Rb) (¢) and ¢q (e), corresponding to the

CRY and UDM models of oxygen charge distribution

CRY UDM
CO model ¢(RDb) 9 Avjem™! Uo/1073 Ep Avjem™! Uo/1073 Ep
A 1.0 9.5 25.7 —14.415 18.8 -9.170
1.0 8.5 25.1 —14.712 20.0 —11.153
0.9 9.5 19.5 —13.270 13.9 -9.193
C 1.0 9.5 20.3 —14.187 20.3 —10.278
1.0 8.5 26.3 —14.433 20.5 —10.420
0.9 9.5 20.9 —13.618 13.9 -9.709
D 1.0 9.5 26.4 —14.155 20.6 —10.463
1.0 8.5 26.4 —14.390 20.7 —10.639
0.9 9.5 20.8 —13.663 13.9 —9.951
2426 Phys. Chem. Chem. Phys., 2002, 4, 2424-2433



Table 3 Total interaction energy Uy (1 x 107 E, = 2.627 kJ mol ') and band shift Av values of CO adsorbed within different NaY (Me = Na)
and NaRbY (Me = Rb) zeolites, with g(Al)/g(Si) = 0.8447,>' using parameters ¢(Me) () and ¢, (¢), corresponding to the UDM and CRY oxygen
charge distribution models. The CO molecular spatial parameters correspond to the A model (¢f. Table 7 in ref. 19)

NaY NaRbY
Model g(Me) 9 Avjem™ Uo/107% Ep Avjem™! U /1072 Ep
UDM 1.0 9.5 24.7 —13.410 18.8 -9.170
1.0 8.5 23.5 —12.598 20.0 —11.153
0.9 9.5 20.0 —11.186 13.9 -9.193
0.8 9.5 15.3 —10.623 9.8 —-9.756
0.7 9.5 12.3 —8.471 6.9 —8.811
CRY 1.0 9.5 34.0 —17.447 25.7 —14.415
1.0 8.5 333 —17.417 25.1 —14.712
0.9 9.5 30.1 —16.233 19.5 —13.270
0.8 9.5 28.3 —15.038 15.1 —12.752
0.7 9.5 22.7 —12.626 11.2 —11.502
Experiment” 29.0 14.0
¢ Experimental Av value from ref. 16.
T T T T
extend the coefficient evaluated at larger p values to shorter p Rl AN @
ones. Within the p < p. interval, two different effective estima- A
tions of the repulsive coefficients dependence on p were used: o \\-\
the first (a) obtained by neglecting completely the repulsion 002 | T Na’-Cco

term between CO and the framework oxygens (hereafter
named “zero” approximation) and the second (b) by using a
“dispersive” approximation, where the p dependence on the
repulsive coefficient corresponds to the variation with p of
the dispersive IE contribution.'®

Neglect of the O—CO repulsion component could generate
an error in the respective IE and BS values within the p interval
where this repulsive interaction is valid. We indeed observed a
fault of the “zero” approximation when omitting all repulsion
terms between the framework oxygens and CO at the shorter p
distances. For example, the most stable position for spatial
model D (¢f. Table 7 in ref. 19) within NaRbY corresponds
to 6.49, 7.80, and 8.01 o (3.43, 4.13, and 4.24 A, respectively)
from the O atoms and to 6.50 and 8.87 ag (3.47 and 4.69 A,
respectively) from the Si atoms resulting in IE values of
—13.1x107° E, (1 x 107 E, = 2.627 kJ mol ™), i.e., of the
same IE order as for the NaY case, and in a very large BS
of 65 cm™'. Applying now the dispersive approximation along
the same direction, we obtain that the minimum is near Na,
(separated by 6.73 ap) and near the O atoms of the 6-mem-
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Fig. 1 Radial dependence (R = 0 corresponding to the center of the
sodalite cage, @y = = 0.5292 x 107'° m) of the interaction energy Uyo
(1x 1073 E,, = 2.627 kJ mol ') between CO and zeolite NaY (go = 9.5
e, ¢(Na) = 0.8 e, CRY oxygen charge distribution) along the Cj; axis
passing through the hexagonal prism: dotted-dashed line for Na®™—
CO, dotted for Na"—OC; along the direction to the deepest minimum
near Na™: long-dashed line for Na*—CO, short-dashed for Na™-OC.
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Fig. 2 Radial dependence (R = 0 corresponding to the center of the
sodalite cage, ap = 0.5292 x 107! m) of the components of the inter-
action energy Uy (1 x 1072 Ey, = 2.627 kJ mol™') between: (a) CO
and zeolite NaY (Na—CO geometry, go = 9.5 e, g(Na) = 0.8 ¢, CRY
oxygen charge distribution); (b) CO and zeolite NaRbY (Rb-CO geo-
metry, go = 9.5 e, g(Rb) = 0.65 ¢, CRY oxygen charge distribution);
(c) N, and zeolite NaRbY (go = 9.5 e, ¢(Rb) = 0.65 ¢, CRY oxygen
charge distribution). Full line U;, long-dashed line Uy;gp, , short-dashed
line U*; (L is the order of the respective molecular multipole moment,
given near each line), dotted Ujnq, dotted-dashed Uy, .

Phys. Chem. Chem. Phys., 2002, 4, 2424-2433 2427



(a)
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(@)

Fig. 3 Favoured positions of the CO (a), (b) and N5 (c), (d) molecules with respect to the closest framework atoms of the NaY (a), (c) and NaRbY

(b), (d) zeolite forms. The nearest Rb cations are shown in (b) only.
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Fig. 4 Internuclear distance p dependence (g = 0.5292 x 107'° m)
of the components of the interaction energy U; between: (a) CO and
zeolite NaY (Na-OC geometry, qo = 9.5 ¢, ¢(Na) = 0.8 ¢, CRY oxy-
gen charge distribution); (b) CO and zeolite NaRbY (Rb—CO geome-
try, go = 9.5 ¢, g(Rb) = 0.65 ¢, CRY oxygen charge distribution). Line
notations as in Fig. 2.
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bered ring (distances between 10.28 and 11.22 ay) while the IE
has a reasonable value of —8.236 x 10> E, and the BS is 7
ecm™". The dispersive approach considering the repulsive inter-
actions with the closest O atoms thus helps to minimise the
error in the determination of the favoured location of the
probe molecule.

IV.4. Probe molecule location

Comparison between the X—CO distances (X = Na and closest
oxygens O;) in NaY (Table 5) shows a situation which could be
well represented by the isolated Na—CO pair model (Fig. 3(a)).
The situation is different for NaRbY where the Rb—CO and
O~CO distances (O, = closest oxygens, i = 1, 2, 7, 8) differ
by 0.6 ay only, while for NaY this difference is about 2.3 ay.

In order to verify the reason for the differences between
NaRbY and NaY, we varied the contribution of the dispersive
part to the total IE. The results are as follows: when replacing
the KM intercombimation rule (eqn. (2)) by the SK rule, the
dispersive IE decreases and the favoured geometry changes.
CO moves towards the axis passing through the center of the
6-membered ring and the Rb, cation. This is clearly seen by
comparing the X—CO distances (Table 5). With the SK model,
the minimal difference between Rb—CO and O,-CO is aq.
Hence, replacement of the intercombination rule confirms
the closer location of CO to the O atoms in NaRbY as com-
pared to NaY.

To complete the picture, we should also mention the strong
dependence of the IE upon the intercombination rule (eqn.
(2)). The IE for CO in NaY zeolite is —15.99 x 1073 Ej, with
KM and —12.68 x 107> E;, with SK. These values are higher
and lower than the binding energy of the Na™—CO pair,
—14.65x 107% E;, obtained at the ab initio QSID(T) level.*
Furthermore, all theoretical results are higher than the
reported experimental data, all contained in the —8.75 x 107>



Table4 Comparison of the band shift Av components (¢f. eqn. (15) in
ref. 19) with V' =V, + U; for CO (model A) adsorbed within zeolites
NaY (¢(Na) = 0.8 e, g9 = 9.5 ¢, KM rule) and NaRbY (g(Rb) = 0.65
e, go = 9.5 e, SK rule) using the CRY oxygen charge distribution

Avjem™!
Component of IE NaY NaRbY
Dipole 50.3 17.9
Quadrupole 10.9 7.3
Octupole —4.4 —0.7
Hexadecapole -2.3 -1.0
Inductive —12.8 —2.4
Dispersive —11.4¢ -7.8
Repulsive —2.9° —0.6
Total 30.0 12.9
Experiment® 29.0 14.0

@ _7.9 cm™' with the SK rule. ® —4.2 cm™' with the SK rule. ¢ Ref.
16.

to —9.52x 1073 E, interval.**>° For a correct comparison
with experiment, our IE estimations could most probably be
lowered after averaging over all available surface sites within
the zeolite but this would require an additional statistical
model not derived herein. However, it seems that the experi-
mental data** are rather underestimated because they are
lower than the heat of adsorption of N, in the NaZSM-5
and NaMOR forms (see Section V). Usually, this value for
N, is smaller than for CO in a similar type of adsorbent.

In the IR spectra of CO in NaY and NaRbY reported in
Fig. 2 of ref. 16, besides the dominant high frequency band,
i.e., BS values of 29 and 14 cm™, respectively, already exten-
sively discussed and attributed to Me*—CO (carbon down)
adducts, two minor features are also present: a shoulder at
2138 em™!' (BS = —5 cm™!) and a lower frequency (LF) band
appearing at 2122 ecm™' (BS = —21 ecm™") for NaY and at
2126 em™! (BS = —17 cm™!) for NaRbY. As far as the 2138
cm ™! band is concerned, its attribution is trivial. In fact the
independence of the peak position versus the CO coverage,
together with the observation of the same band for pure silic-
eous (cation free) silicalite,® confirms the assignment of this
band to the “liquid-like” CO.!%*¢3° To our understanding,
the latter should simply correspond to probe molecules
adsorbed in the framework with the cationic sites already
occupied by other preadsorbed CO molecules. The experimen-
tal evidence for the LF band is much more interesting and has
stimulated the study of a possible Met—OC (oxygen-down)
adduct. It is in fact worth noticing that the appearance of a
minor LF band in the 2130-2110 cm™! range (BS from —13
to —33 cm™") in the spectra of adsorbed CO is not peculiar

to the faujasite forms (both X and Y);>'®* it has also been
observed for several other zeolites.>*”** The fact that a very
similar spectroscopic feature is observed in all zeolite forms
means that such IR bands must have a common origin, prob-
ably an O-down adduct. Computationally, it has been reported
that the O-down orientation of CO is stable within NaCaA.'
In the present work, we obtained a stable orientation Met-OC
for both cationic Y forms, characterized by BS values of —40.5
and —14.6 cm ™', for NaY and NaRbY models corresponding
to the cationic charges of 0.8 and 0.65 e (with SK rule in Table
5), respectively, and with IE values of —7.501 and
—7.158 x 1072 E;, smaller than those for the Me*—CO config-
uration, ie., —14.410 and —8.283x 107 E,, respectively.
We can therefore assert that we have both experimental and
computational evidence for the stable oxygen-down Me'—
OC adducts in NaY and NaRbY since computed BS values
are in qualitative agreement with the experimental ones
(BS = —21 and —17 em™!, respectively). Furthermore, it is
worth noting that the energetic barrier here computed for
Na™—CO « Na™—OC in NaY is in qualitative agreement only
with the experimental result of 1.45 x 107> E, in NaZSM-5.%3

Finally, in order to further assign the BS in the IR spectra of
adsorbed N, , we needed a zeolite Y model which led to a good
agreement with the experimental BS values of CO. Namely,
sufficiently precise cation charges needed to be determined
(Table 5). The variation of the Rb charge from 0.75 to 0.7 ¢
was considered to take into account a more pronounced BS
variation for the NaRbY form, ie., from 13.6 to 17.3 cm™',
when varying the intercombination rule from KM to SK and
conserving the Rb charge of 0.75 ¢ (Table 6). This decrease
in Rb charge allows us to hold the BS within +1.3 cm™! for
the models obtained using the SK rule. Thus the models are
of the same quality as those obtained with the KM rule, within
+1.0 cm™!. Evidently, the real precision of our calculation is
cruder than 4+1.0 cm™ !, so that this step is a rather formal
one and we did not try to reach a higher precision in the deter-
mination of the zeolite parameters (ionicity, charges). The cho-
sen Na and Rb charges are denoted by an asterisk in Table 5.

V. N, adsorption

Nitrogen is also often used as a probe molecule* 7 for zeolite
studies. Its convenience comes from well known molecular
parameters whose theoretical values (¢f. Tables 1 and 2 in
ref. 19) are in agreement with experimental ones. Different spa-
tial N, models could be analyzed with respect to the anisotropy
Am and vdW radius r,, , e.g., which could be obtained from the
third-order equation:

r apeA[rlZ — (rm/Z)3 =0 (3)

where r, and r| are the molecular semi-axes, A“l = () —r1)/pe

Table 5 Influence of the intercombination rule (eqn. (2)) on the band shift Av, total interaction energy Uy, (1 x 107> Ey, = 2.627 kJ mol "), elec-
trostatic field T (Ep/eap = 1 au = 5.1423 x 10'"v m’l), and distances Rx (ap = 0.5292 x 10710 m) between CO and the framework atoms X = O;
or Mey; for the MeY zeolite model (Me = Na or Rb) with ionicity gy = 9.5 e with/without nearest atom Mey; (the latter value given after the slash).
The four final models chosen to calculate the Av and U, values for adsorbed N, are marked by an asterisk. The CO molecular spatial parameters

correspond to the A model (¢f. Table 7 in ref. 19)

Case Me q(Me) Avjem™ Uy /1073 E, T/1072 Eyjeay Rmelao Distance to nearest O atoms Roy/ao
KM Na 0.80* 28.0 —15.992/—5.723  2.423/0.628 5.88 8.19(0y), 8.37(05), 8.43(0,), 8.45(04), 8.49(0y), 8.74(07)
Rb 0.75% 13.6 —12.038/—5.223  1.903/1.263 7.30 7.87(0,), 8.04(0g), 8.74(0y), 8.80(07)
SK Na 0.70  26.8 —12.679/—4.766  2.105/0.540 5.98 8.22(0y), 8.30(07), 8.46(0,), 8.60(05), 8.69(0y), 8.89(07)
0.75 274 —12.284 - - -
0.80* 30.1 —14.410/—4.756 - 5.88 8.19(0y), 8.37(05), 8.43(0,), 8.45(05), 8.49(0y), 8.74(07)
Rb 0.65 129 —8.283 - - -
0.70* 15.3 —8.681/—4.859 1.771/1.181 7.09 8.06(0,), 8.20(0g), 8.32(0y), 8.64(0g)
075 17.3 —9.302 - - -

Phys. Chem. Chem. Phys., 2002, 4, 2424-2433 2429



Table 6 Influence of the ionicity ¢y (¢) and intercombination rule
(eqn. (2)) on the total interaction energy U, (1 x 107° E, = 2.627
kJ mol™!) and band shift Av values of CO adsorbed within NaY
(¢(Na) = 0.8 ¢) and NaRbY (g(Rb) = 0.75 ¢) using the models shown
in Table 5. The CO molecular spatial parameters correspond to the A
model (¢f: Table 7 in ref. 19)

NaY NaRbY

9 Case Avjem™'  Uo/1072 By Avjem™' Uy /107° Ey
6.584 KM 24.9 —15.185 12.0 —13.207

SK 27.2 —13.426 14.8 —9.256
8.5 KM 26.4 —15.734 12.6 —12.450

SK 29.0 —14.083 14.5 —8.902
9.5 KM 28.0 —15.992 13.6 —12.038

SK 30.1 —14.410 17.3 -9.302
Experiment” 29.0 14.0
¢ Ref. 16.

is a dimensionless parameter, p. being the equilibrium N,
internuclear distance, and @ = 1 or 3/2 for the ellipsoid or
spherocylinder type volume, respectively. This equation is the
consequence of the condition we imposed in order that the
ellipsoid or spherocylinder model would correspond to a
sphere of vdW radius r,, of the same volume.

We did not repeat here the optimizations of the molecular
sizes of N,, as developed for CO, principally owing to the
unreliable small BS of adsorbed N, as compared, for example,
to the value of the three-body interaction dispersive terms dis-
regarded in this paper (5 cm™' for the N,/NaA zeolite sys-
tem).*®> We chose to study eight different spatial models for
N,, using the same zeolite models which provided a reasonable
agreement between the theoretical and experimental BS for CO
(Table 7). Having no precise data about the anisotropy AL we
considered a series of N, models whose Al values range
between 0 and 0.45 and r,, = 4.26 A% As presented in Table
8, all models lead to lower BS for NaRbY than for NaY. The
differences Av(NaY) — Av(NaRbY) are usually lower than the
experimental value,'® je., 8 cm™'.

The configuration of the Met—N, pair is almost linear
within both Y forms studied here, i.e., the angle varies around
178° for Na™-N, (Fig. 3(c)) and 174° for Rb™—N, (Fig. 3(d)).
As a result, the behaviour of the IE and BS with A[ and rp, is
determined by an increase in the parallel semi-axis and in the
Me"™-N, intermolecular distance at the favoured location.
Higher Me™—N, distances lead to a decrease in all IE compo-
nents (in absolute value). The dispersive interaction (together
with the inductive one) is the source of the negative contribu-
tion to the BS via an increase in molecular polarizability with

Table 7 N, molecular spatial models

Type” A[ rH/A rl/A I /A

A 0.05 2.158 2.103 4.26

B 0.15 2216 2.051 4.26

C 0.25 2.276 2.001 4.26

D 0.35 2.339 1.954 4.26

E 0.45 2.404 1.909 4.26

F 0.55 2.471 1.867 4.26

G 0.45 2.320 1.825 4.09

H 0.45 2.419 1.924 4.29

Experiment 426", 4.13¢, 4.09¢

“ Perpendicular r, and parallel r| radius were calculated using the con-
dition between an equivalent volume of sphere of vdW radius r, and a
spherocylinder with r, and r| semi-axes, e.g., via eqn. (3). b Ref. 49.
° Ref. 50. ¢ Ref. 51.
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the vibrational excitation, while the positive BS component
comes either from a decrease in the electrostatic IE or from
an increase in the repulsive IE (Table 9). The resulting total
BS increase with Al noted in Table 9 comes from a relative
increase in the repulsive BS contribution and from a decrease
(in absolute value) of the inductive one. Finally, a qualitative
coincidence between the calculated and experimental BS is
observed with the anisotropy A[ =0.35, ie., 1.3 and —4.3
cm ™! with the KM rule, or 2.5 and —1.9 cm™! with the SK rule
for NaY and NaRbY, respectively, as compared to the experi-
mental data of 4 and —4 cm ™! for both Y forms, respectively.
A nice correlation with the experimental BS is observed with
Al = 0.45 (Table 9). Comparing this interval with the 0.25
found theoretically for molecular hydrogen,” one may think
that the interval 0.35-0.45 is not too exaggerated.

In order to analyse the behaviour of the IE as a function of
the vdW radius ry,, we varied 1, between the lower known
experimental value 4.09 A and the upper limit 4.29 A obtained
from the BS fitting procedure for CO (¢f. Table 7 in ref. 19),
whose molecular sizes are very close to those of N,. The ani-
sotropy A[ = 0.45 for N, shows a relatively good coincidence
between the theoretical and experimental BS for both Y forms
(Table 9 with ionicity qo = 9.5 ¢). An increase in r,, and, con-
sequently, in the parallel semi-axis results in a decrease in the
IE and an increase in the BS (Table 9), while at smaller r,
we observe a minimum IE with a dominant dispersive compo-
nent and underestimated BS values.

Analysis of the interaction between N, and both Y forms
allows us to propose several major distinctions between the
NaY and NaRbY systems. They are summarised in Table
10. The favoured position for N, is close to Na, for both
vdW coefficient estimations, SK and KM, while with Rb,,
N, is closer to two O framework atoms using the KM rule,
and to one O with SK. This last difference regarding the num-
ber of closest oxygens can be easily explained due to the higher
dispersive interactions estimated with the KM rule. Detailed
results obtained for a lower ionicity, ie., gy = 6.584 ¢*! (not
discussed here), do not provide a better agreement with the
experimental BS (Table 7), but the principal features in the
geometry and BS relation for both Y forms are similar.

Unfortunately, we do not have any data on the heat of
adsorption of N, within both Y forms so we can only compare
the order of values. The overestimated dispersive IE usually
addressed to the KM intercombination rule may be compared
with available data for the isosteric heat of adsorption for N,
in the Na (=10.62x 107> E,, 1 x 107> E;, = 2.627 kJ mol™})
and Rb (—8.22 x 1072 E}) forms of ZSM-5.* The first value
is not far from the —11.42 x 10~ E, obtained for Na morde-
nite.*® For both NaY and NaRbY, the KM rule leads to IE
values of —10.47 and —7.38 x 1072 E,,, respectively, which cor-
relate well with the upper given values. Evidently, any data
available for the heat of adsorption within both forms could
strongly limit the set of appropriate N, models.

Summarising this section, we conclude that the simultaneous
comparison of the BS of both different CO and N, probe mole-
cules allows us to define a narrower range for the ionicity ¢,
value, because a qualitative coincidence with the experimental
BS for N, can be reached, for comparison, with ¢y = 8.5-9.5 e.

VI. Electrostatic field calculation

The zeolite fragment consisting of 19 or more cells as explained
above (see section III) allows us to estimate the electrostatic
field created by the whole framework. We computed the field
values at the CO (Table 5) and N, (Table 10) favoured loca-
tions within both forms. Our estimations range between 2.4
and 2.1 x 1072 Ey/eay (1 x 1072 Ep/eap = 5.1423 V. nm™")
for NaY and between 1.9 x 1072 and 1.6 x 1072 Ej/ea, for
NaRbY. These field values for these Y forms are higher than



Table 8 Total interaction energy Uy (1 x 1072 E, = 2.627 kJ mol™') and band shift Av values of N, molecule adsorbed within different Na'Y
(Me = Na) and NaRbY (Me = Rb) zeolites with g(Al)/¢(Si) = 0.8447?" using alkali-metal charge g(Me) (e), ionicity go (¢), and CRY oxygen
charge distribution. The N, molecular spatial parameters are presented in Table 7

KM SK
% g(Me) Al Avjem™ U /1073 Ey Avjem™! Ui /107% Ey
Zeolite NaY“
95 0.8 0.05 -2.1 —11.365 —0.7 —9.926
0.15 —0.5 —10.965 0.7 —9.583
0.25 0.4 —10.470 1.7 ~9.170
0.35 13 —-9.933 25 —8.710
0.45 2.6 ~9.397 4.0 —8.247
0.45" 09 —12.466 0.4 —10.883
0.45° 2.8 —9.253 4.1 ~8.119
0.55 3.4 —8.886 438 —7.798
8.5 0.8 0.05 1.6 —11.403 2.9 ~9.886
0.15 2.6 ~10.931 3.6 —9.501
0.45 6.8 —9.676 8.4 —8.413
6.584 0.8 0.05 -75 —11.393 —54 —9.807
0.35 —6.0 —10.084 -39 —8.141
Zeolite NaRbY ¢
9.5 0.75¢ 0.35 —43 —8.120 -19 —5.140
0.45 -33 —8.026 ~1.1 —5.075
0.55 -26 ~7.892 —0.1 —5.573
8.5 0.75¢ 0.05 -38 —8.820 —0.5 —6.138
0.15 -26 —8.630 0.0 —6.090
0.35 22 —8.213 0.1 —5.888
0.45 —14 —8.106 0.6 —5.869
6.584 0.75¢ 0.15 -84 —8.906 —48 —5.056
0.45 -8.6 —8.579 -53 —5.832

h

“ Experimental Av value'®is 4 cm ™!, 2

rm = 4.09 instead of 4.26 A in other cases. ¢ rm = 4.29 instead of 4.26 A in other cases. ¢ Experimental Av

values'® are 4 and —4 cm ™', the first value being related to the Na,, ions remaining after ion exchange in accordance with the conclusions of ref. 16.

0.7 e for SK case.

the known experimental data, i.e., 0.99 x 1072 and 0.47 x 1072
Ey/eay for NaY and NaRbY,'® respectively, 1.18 x 102 and
0.53 x 1072 Ey/eay for NaMOR and RbMOR,*® 1.22 x 1072,
0.64 x 1072 Ey,/eap for NaZSM-5 and RbZSM-5.* This differ-
ence between the real and modelled field values can be mainly
associated with the neglect of the high order multipole
moments (higher than the charges) of the zeolite atoms as
was observed while simulating the electrostatic field over
TiO,>* or within different sieves.*>>* Electrostatic potential
can be overestimated up to 80-100% for both the H-form alu-
minosilicates*® and aluminophosphates (Al/P = 1).5*°°

In order to compare, for both Y forms, the importance of
the closest cation to the adsorbed molecule, we calculated
the field experienced by CO and N, with and without the clo-
sest ion at position II. For NaY, the field values are

Table 9 Comparison of the band shift Av components (¢f- eqn. (15) in
ref. 19) with V' = V,, + U, for different N, models (A[ = 0.05 and 0.45,
Im = 4.26 A) adsorbed in zeolite NaY using g(Na) = 0.8 ¢, g9 = 9.5 ¢,
SK rule (eqn. (2))

1

Av/em™
IE component Al =005 Al =045
Quadrupole 6.0 4.9
Hexadecapole 1.1 0.5
Inductive -9.2 —6.6
Dispersive —6.2 —5.6
Repulsive 7.7 10.3
Total —-0.7 4.0

2.348 x 1072 and 0.730 x 1072 Ep/ea, with and without Na
(Table 10), respectively, at the N, favoured location. The latter
ratio clearly emphasizes the role of the Na cation in compari-
son to the analogous field variations in the absence of Rb,, in
NaRbY, namely 1.692 x 102 and 0.983 x 102 Ej,/eay. The
rotation of the total electrostatic field vector obtained at the
CO favoured position with/without alkali-metal cation can
illustrate the situation: the vector turns by 113° for Na and
by 52° for Rb, considering the SK rule.

These field variations support the idea, already mentioned in
section III, that the adsorption within NaY is governed by the
Na ion, due mainly to its high contribution to the field as com-
pared to an essentially lower field created by the Rb ion at the
CO or N, favoured positions.

VII. Conclusions

In this work, we have considered CO and N, probe molecules
adsorbed within NaY and NaRbY zeolites. The CO spatial
parameters were taken from a preliminary fitting procedure
relative to the adsorption over another zeolite, i.e., NayCasA,"
while N, parameters were varied to keep the van der Waals
radius close to the experimental value. Central multipole
moments and polarizabilities of the probe molecules together
with their internuclear distance dependences were validated
considering their IE and BS calculations within the framework
models.

Good quantitative agreement between the calculated and
experimental BS, within +1 cm~',was achieved for CO. For
N, the agreement is only qualitative. Both results were
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Table 10 Influence of the intercombination rule (eqn. (2)) on the band shift Av, total interaction energy Uy (1 X 1073 E, = 2.627 kJ mol’l),
electrostatic field T (Epfeay = 1 au = 5.1423 x 10'" V. m™"), and distances Rx (ao = 0.5292 x 10~'° m) between N, (model C, Table 7) and the
framework atoms X = O;, Si or Mey; for the MeY zeolite model with ionicity go = 9.5 e with/without nearest atom Mey; (the latter value given

after the slash)

Case Me  ¢g(Me) Avffem™  Ug/1073 E, T/1072 Epjeay  Rme/ag  Rx/ao

KM Na 080 0.4 —10.470/—4.681  2.348/0.730 6.17 7.74(07), 8.13(04), 8.31(04), 8.70(Si), 8.77(0y), 8.90(Si)
Rb 075 —4.4 —7.396/—3.769  1.692/0.983 7.91 7.70(07), 7.90(05), 8.36(01), 8.68(0Vs), 8.90(Si), 9.22(Si)

SK Na  0.80 1.7 —9.170/—3.829  2.337/0.728 6.19 7.76(0-), 8.13(0y), 8.34(04), 8.71(Si), 8.78(01), 8.92(Si)
Rb”  0.70 -19 —5.140/—3.024  1.600/0.940 7.92 7.77(07), 8.06(05), 8.33(0), 8.86(0y), 9.02(Si), 9.24(Si)

@ Experimental Av values are 4 cm ™! for NaY and 4, —4 cm ™! for NaRbY, the first value for NaRbY being related to the Na,, ions remaining after
ion exchange in accordance with the conclusions of ref. 16. ’ the D model of the N, molecule is used here instead of C in other cases, see Table 7.

obtained using an O charge distribution deduced from results
of ab initio periodic Hartree-Fock computations. The best
coincidence of the BS values was reached with very similar
cationic charges for both zeolite forms. In such a way, we
confirmed the applicability of the CO model in different zeo-
lites of A and Y type presenting comparable atomic (ionic)
characteristics.

The importance of the dispersive interaction term was
clearly shown for both CO and N, favoured locations in the
NaRbY form. The interaction of CO with a Rb,, cation of
higher radius and lower electrostatic field than Na,, could
be accompanied by a partial CO coordination with the O
atoms in one of the three nearest 4-membered rings. Then,
the representation of the adsorbed probe using the isolated
“cation—probe” pair only is clearly not valid in this case.
The decrease in the dispersive interaction calculated via the
intercombination Slater—Kirkwood rule confirms that the CO
favoured location remains close to the O atoms within
NaRbY. In the case of N,, the dispersive interaction is clearly
more important. N, is closer to the NaRbY framework oxy-
gens than to Rb; such a configuration was obtained with any
inter-combination rule applied herein.

One of the main results is that the present parametrisation of
the CO model based on the BS values and one IE value is not
sufficient to yield energy differences quantitatively for both the
CO and OC orientations toward the zeolite. But this parame-
trisation of the CO model fitted for the NaCaA type zeolite'
can satisfactorily produce correct BS values for both the CO
and OC orientations in the Y framework. If the parametrisa-
tion were wrong then the errors should be different for the dif-
ferent A and Y frameworks with the different locations of the
nearest oxygen atoms to the probe.

We thus demonstrated, on the one hand, that the spatial CO
model fitted over the NaCaA zeolite form can be applied to
other zeolites, i.e., NaY and NaRbY and, on the other hand,
that by replacing Na by a heavier cation such as Rb, the result-
ing location relative to the zeolite framework is essentially dif-
ferent owing to the increased dispersive interaction. Such a
difference was noted earlier in the literature when spatial
restrictions on the molecular motions were imposed by the
respective size of the MOR zeolite,* which is not the case
for large Y cavities.
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