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ABSTRACT:

Zeolite materials have complex structures that can be determined by X-Ray diffraction but
characterizing the non-periodic defects, the distribution of the aluminum atoms and the position of
the exchanged cations remain a challenge. It was shown that quantum chemistry methods (QM)
are well suited to predict the structure, even with low symmetry. Here, QM were used to determine
the location and coordination of Na! and Cu! cations in Si-rich faujasites of Y-type (with moderate
Si/Al ratio) and Al-rich faujasites of X-type (Si/Al = 1). Focusing on the first shell of the metal
site, we used QM analysis tools to study the various distortions induced by the presence of Al in
the rings of faujasites. Such microscopic data was not accessible using experimental XRD
methods. In contrast, using the present theoretical approach, it was possible to predict the absence
of symmetry at the atomic level, and that sites I were not occupied by Na! nor by Cu! cations, even
for Al-rich faujasites of X-type. The infrared CO probe was used to analyze the interaction of both
Na' and Cu' with the zeolite framework. Single CO adsorption on Na' and Cu' via the carbon atom
showed that the calculated vco stretching frequency bands are mainly upshifted in comparison
with isolated CO. The vco stretching frequency range was predicted to be larger for Cu' than for
Na! and the bandwidth would be affected by different Al distributions in the 6-membered rings
(6MR): the more Al atoms in the 6MR, the larger the bandwidth. To capture insights of metal
bonding picture with its neighbors, we performed natural bond orbital analysis (NBO) combined
with quantum theory of atoms in molecules and electron localization function topological analyses
(QTAIM and ELF methods, respectively). While it is generally reported that Na cations provide
electrostatic interactions with zeolite materials, Cu cations is often assumed to favor covalent
interactions. The upshifting of the calculated vco stretching frequency and our topological analyses

rather indicated that the interactions of Na! and Cu' with the oxygen atoms of the hosted zeolite



were mainly ionic with a weak covalent character in the case Cu'. The adsorption of CO on Na!
proceeds via an ionic Na---C interaction, while for Cu!, the Cu---CO bond was calculated to be
dative with a strong polar character. Whatever the Lewis metal cation, Cu' or Nal, the present

topological analyses predict that their interactions with the O atoms of the zeolite were ionic.
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INTRODUCTION:

Zeolites are generally classified among the most efficient porous materials for adsorption-
based applications, industrially used for the selective adsorption of gases. Structurally, zeolites are
aluminosilicates built from tetrahedral units (labeled T) made of four oxygen atoms bonded to
silicon (SiO4) or aluminum (AlOs).!"> Each silicon atom substituted by an aluminum atom
generates a negative net charge in the structure that can be balanced by the addition of protons
and/or cations. There is a large variety of zeolitic structures and their frameworks have different
channels, cage shapes and sizes. The silicon/aluminum ratio and the cation types are controlled
during synthesis. The Si/Al ratio and the nature of the cations (alkali, transition metal ions etc....)
are essential parameters as they influence the adsorption, separation, diffusion and catalytic
properties. Faujasite (FAU) zeolites are tridimensional aluminosilicate materials for which the
Si/Al ratio and the distribution of the extra-framework cations can be controlled during the
synthesis. FAU X-type zeolites usually have Si/Al ratio in the range of 1 while FAU Y-type
zeolites have Si/Al ratio larger than 1.3 The FAU framework consists of rings with 4 and 6
tetrahedra (T) organized in tridimensional structures of three types: supercages, with a diameter in

the range of 13A (Figure 1), sodalite cage units and prisms.*
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Figure 1. Faujasite unit cell and crystallographic positions in the supercage, sodalite and in the
prism cages. Based on a cubic symetry, four different O types were determined: i/ O sharing two
four membered rings of the hexagonal prism cage, 1i/O2 connecting a four membered ring of an
hexagonal prism and a six-membered ring of a sodalite cage, 11i/0O3 are oxygen atoms shared both
by four membered rings, one from an hexagonal prism and one from a sodalite cage, iv/ O4 sharing

a four membered ring and a six membered ring of a sodalite cage.

Faujasites exchanged with copper or sodium provide a unique model to address debated
questions on the location and the coordination properties of extraframework metal sites in zeolites.
These materials are frequently used for very efficient catalytic and adsorption properties.® Na' and
Cu' are classified as Lewis acid cations, and they are expected to have opposite electronic
properties in their interactions with the framework oxygen atoms and the adsorbed molecules. The
electronic properties of the extraframework cations are crucial, of course, for the applications of
the zeolites but also for their characterization. Indeed, the zeolite crystallographic structure can be

characterized with X-Ray Diffraction (XRD) only in an incomplete manner because XRD cannot



localize the aluminum tetraedra and the associated extraframework cations that are disorderedly
distributed in the structure. To get deeper insights on the metal sites, chemists often probe the
extraframework cations through their electronic properties by adsorbing molecules and
investigating associated responses in spectroscopy or thermal analysis.

Carbon monoxide is one of these probe-molecules. It is involved in many chemical and industrial
processes and its removal is of great importance to reduce detrimental environmental and climate
impacts. Zeolites are used either as membranes for the removal of carbon monoxide and for the
purification of gas mixtures. Carbon monoxide is also widely used as a probe molecule to
characterize Lewis and Brensted acid sites from zeolites. When adsorbed on alkali and transition
metal cations such as sodium or copper cation, it yields strong bands in the easily accessible
medium infrared (IR) domain corresponding to the CO stretching mode.> The vco stretching
frequency values depend on the strength and the nature of the bond formed with the metal cation.
This is a marker used to characterize the nature and the location of the cations in the zeolite
framework. In FAU-type zeolites, CO mainly adsorbs on cations of the largest cages (e.g. the
supercage).® Because it remains difficult to relate the frequency value of the vco bands to the
crystallographic positions of the cations in the zeolite framework, the combination of experimental
and theoretical approaches is required to characterize the zeolite structures with CO adsorption
followed by FTIR.

Theoretical approaches of adsorption in porous materials use molecular dynamic simulations or
first principle calculations depending on the properties under investigation. While molecular
dynamic simulations with classical force fields provide information on large systems under defined

pressure and temperature values of adsorbents, it is less reliable for the description of transition



metal ions. In contrast, quantum chemistry methods provide accurate geometries and correctly
describe the bonding with transition metal ions such as copper.

The aim of the present study is to predict the coordination modes of metal-exchanged faujasites
for mononuclear metal species, to investigate the origin of the vco stretching frequency shift with
adsorption, and to characterize M---Orau and M---CO interactions using state of the art chemical
bonding analysis methods.”® It is a theoretical study at the DFT level, including comparison with
experimental results from literature. It focuses on a series of faujasite zeolites (Figure 1), with
Si/Al ratio of 1 and ~2.4 and exchanged with Na' and Cu!, two types of metal cations (alkali and
transition metal). These zeolites with two different Si/Al ratio were chosen to be compared with
experimental crystallographic structure analyses. As the Al distributions in the framework of

zeolites unit cell are not known experimentally,’!!

we modelled FAU structures by varying the Al
distribution in the framework and in particular in the six-membered rings. This variety of models
will allow the bonding of Cu'and Na' with CO to be characterized in zeolite porous materials with
various adsorption configurations: single or multiple adsorptions on a same centre or with a same
CO molecule linked to one or two centres.'?

The type of bonding involving extraframework metal cations will be determined in their
interactions with the nearby framework O atoms of the zeolite and with the CO probe, using three
computational analysis methods: Natural Bond Orbital (NBO),'* Quantum Theory of Atoms in
Molecules (QTAIM)'* and Electron Localization Function (ELF)'> topological analyses. Based on
these approaches, metal ions will be classified depending on their ability to form ionic or dative
covalent bonds with ligands.

The structures were optimized and the vibrational frequencies were computed at the GGA and

B3LYP levels in periodic conditions to account for long-range interactions and confinement effect



in the zeolites. To reduce the computational efforts demanded, cluster models'® were also
considered in order to take a bonding picture from NBO analysis, QTAIM and ELF topological
analyses.

The final discussion addresses the factors influencing the frequency shift of the vco value upon
adsorption of CO in the Cu'- and Na'-exchanged faujasites. Although several reports are discussing
metal-ligand interactions in terms of the relative contributions of electrostatic and electron-sharing
(covalent) interactions,'? it is still unclear why the experimental vco value of CO adsorbed on Cu'-
exchanged zeolites is upshifted (blueshifted) in comparison to isolated CO and to copper carbonyl
derivatives.!7-'® It is generally explained using frontier molecular orbital theory that adsorption of
CO on Cu! sites provided strong -bonds involving the HOMO 56 bond from CO to the LUMO
of the metal cation and m-bonds resulting from m back-donation from metal cations to the
antibonding 27* of CO.> Present analyses contribute to determine the nature of the interaction
between alkali or transition metal cations with oxygen atoms of the zeolite framework and with
CO. While the nature of Lewis acid interaction with the zeolite has long been a recurrent question
from chemists eager to classify the metal bond interaction types with surfaces, the present study
aims at characterizing metal cation interactions in zeolite materials, in particular with their

surrounding framework O atoms.

Theoretical methods.

Models

To model the faujasite unit cell containing 192 T sites with a general formula for the hydrated
Na-exchanged faujasite NasgAlsgSii340334.240H,0 and a cubic Fd3m symmetry,!® we built

simplified periodic structures containing 48 T sites with a (face-centered cubic) rhombohedra



symmetry, as previously reported,?® with the cell parameters: ) 17.9103 A, b) 18.0444 A, ¢) 17.72
A, ®) 59.7463°, B) 61.1221°, y) 59.4924°, and a volume of 4058.55 A3. The cell parameters were
fixed to these values during geometry optimizations while all the atoms were allowed to relax in
order to minimize both the forces on the atoms and the pressure on the unit cell. This choice was
made in order to compare the properties of structures. In the primitive unit cell model, the number
of the five most frequently occupied crystallographic sites (Sites I, I’, II, III and III” in Figure 1)
by metal cations is smaller than in the large cubic unit cell. We considered two different Si/Al
ratios (1 and ~2.4) and two different metals (Na and Cu). The Si/Al ratio is 1 in (Al2s Ma4 Ogs Siz4
with M = metal) and ~2.4 in (Ali4 M1409s Siz4, M = metal). These structures obey the Loewenstein
rule (i.e. no Al-O-Al sequence).?!

The models of FAU Y and X zeolites were built and optimized with one exchanged metallic
cation per aluminum and 3 different Na/Cu ratios: only Na', 23 Na' for 1 Cu', and only Cu'. For
the FAU Y-type zeolite structures, with Si/Al ratio of ~2.4 and the same distribution of framework
aluminum ions, geometry optimizations converged toward two different cation distributions: A (3
SI' 1 SIII, 2 SIII', and 8 SII) and B (6 SI’ and 8 SII). To explore the influence of the aluminum
content in the 6MR, we also built a model with one Al-O-Si-O-Al-O-Si-O-Al sequence in a 6MR
(converging to a B geometry), which was not present in the other Y models. For the FAU X-type
zeolites with a Si/Al ratio of 1, geometry optimizations converged to a cation distribution labelled
C (8 SI’, 8 SIIT” and 8 SII).

In the model containing 8 CO, the CO positions were chosen to be in proximity of each metal
cation and with the C atom closer to the metal cation than the O atom. This model was chosen to
have one layer of CO adsorbed on one metal cation (according to a type I isotherm model). In the

model containing 12 CO, different types of adsorptions were considered (O end adsorption, dual



M...C=0...M adsorption and polyadsorptions). In the initial structures, CO was not adsorbed in
the sodalite neither in the prism cages because experimental results indicate that the CO molecules
are too large to enter in the sodalite or in the prism cages.® With CO adsorbed in the zeolite
structure, present geometry optimizations may converge to cation distributions different from what
was obtained without CO (Table 3, Tables S2-S4). To investigate the potential energy surface of
the zeolite structures containing CO, we calculated Ab Initio Molecular dynamics on periodic
structures. Because the periodic models are large, and have many degrees of freedom, standard
AIMDs were performed (in the canonical ensemble, during few nanoseconds, a time step of 0.5 fs
and at 200 K) followed with geometry optimizations.

For ELF and QTAIM topological investigations, we only used the smallest clusters (6 T), easier
to be handled. For Natural Bond Orbital analyses, we used both large and small clusters. They
were cut from a periodic structure as previously described.??

Quantum chemical calculations

Two different DFT methods were mainly used: the PBE exchange-correlation functional?3->¢ and
the B3LYP hybrid functional.?* When included, dispersion was calculated using the empirical

dispersion term D* 27-28

129-30

The projector augmented wave approximation (PAW) of Bloech and a kinetic energy cutoff

of 600 eV were used. These calculations were performed using the vasp.5.2.2 and vasp.5.3.5
version programs.3!-34

PBE-D*/BS1 and B3LYP-D*/BSI calculations®*27-?® were performed with the massive parallel
version of the periodic ab-initio Crystal 2014 code.? The Crystal code was used because it is very

fast for B3LYP-D*/BSI1 calculations and enables to bridge the gap between periodic models using

PAW and cluster models using gaussian-type atom-centered all-electron basis sets. For the
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calculations using periodic structures and gaussian-type atom-centered all-electron basis sets (with
the Crystal 2014 code), the unit cell parameters were set to the parameters reported above and kept
fixed during geometry optimizations while all the atoms were allowed to relax. For the periodic
calculations using PBE-D*/BS1 and B3LYP-D*/BS1 methods, the wave function was developed
on gaussian-type atom-centered all-electron basis sets including 2810 basis functions for
(OC)12A114Na14096Si34 and 2894 for (OC)sAli14Cui14096Si34, respectively. SCF convergence was

set to 10'7

Hartree for the energy during geometry optimization. The shrinking factor of the
reciprocal space net was 2. Large double or triple zeta basis sets were used for Al,3¢ Si,37 Na,3® 0%
, Cu*®® and C.*°

The cluster models were calculated with the Gaussian program*! using the hybrid B3LYP
method, and the 6-31G(d) basis set for the large 42 T cluster model?° and the 6-311G(d,p) basis
set for the 6 T.?2 These methods were labelled B3LYP/6-31G(d) and B3LYP/6-311G(d,p)
respectively.

Harmonic vibrations of the vco modes were estimated using a finite-difference approximation,
consistently with previous studies.?’ Because previous calculations showed that the CO vibration
involves only C and O atoms,?%2? only C and O were allowed to relax. vco frequency values at the
gamma point provide the displacement value of C and O with respect to their atomic coordinates
in the optimized structures.

Frequency values for CO were calculated for the isolated CO in a periodic box.?% 2> Molden*?
and moldraw* programs were used to read output files and to generate crystallographic structure
files. The average bonds were calculated using the bond distances computed using the platon

program.*4
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Natural Bond Orbital Analysis’>+4¢ were performed using the NBO version implemented in the
host Gaussian program.

Topological analyses. Electron Localization Function (ELF) topological analysis and Quantum
Theory of Atoms in Molecules (QTAIM) analysis were performed with the TopMoD package*’ at
the B3LYP/6-311G(d,p) level using 6 T cluster models only. QTAIM'# analyses were also
performed with the AIMAII software.*® Topological methods are based on the analysis of the
gradient field of a local function within the dynamic field theory and provide a partition of the
molecular space into non-overlapping basins.

The topological analysis of the electron density p(7), designed as the Quantum Theory of Atoms
in Molecules (QTAIM) by R. Bader, yields atomic basins and QTAIM atomic charges.!'* It allows
defining bond paths and bond critical points (BCPs). The nature of the chemical bond is
characterized from various properties of the electron density at the BCPs, especially the sign of
the Laplacian of the electron density and the values of the kinetic energy density (Gpep), of the
potential energy density (Vsep) and of the energy density Hpep = Goep + Viep following the
Bianchi’s* and Macchi’s classification.’® Negative and positive values for the Laplacian of the
electron density at the BCP (4pnep) are assigned to « electron-shared » and « closed-shell »
interactions, respectively.'* 4 Bianchi ef al.* distinguish three bonding regimes, depending on the
value of the absolute ratio of the potential energy density to the kinetic energy density (|Vbcp
|/Gbcp). The intermediate bond regime (1 <| Vhep |/Gbcp < 2) lies between electron-shared
covalent bonds (|Vbcp |/Gbcp greater than 2) and closed-shell ionic bonds or van der Waals
interactions (|Vbcp |/Gbcp lower than 1) and includes dative bonds and ionic bonds of weak

covalent character. The Macchi’s classification®® relies on the values of both local descriptors and
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the delocalization index (DI) and offers a way to refine the bond characterization further. The
covalence degree may be estimated from the latter and from |Hpep|/ pep.>!

The strength of the interaction may be estimated from the correlation scheme of Espinosa et al.
3253 providing the corresponding positive interaction energy (Eint = - %2 Viep), with Eine (kcal mol-
1) =-313.754 X Viep (au)).

The electron localization function (ELF) measures the excess of kinetic energy due to the Pauli
repulsion.!>>* ELF values are confined between 0 and 1. ELF tends to a value of 1 in those regions
where the electron localization is high (atomic shells, chemical bonds, and single electron or lone
pairs) whereas it tends towards small values at the boundaries between these regions. The
topological analysis of the ELF gradient field yields a partition of the molecular space into non-
overlapping electronic domains, classified into core, valence bonding and nonbonding basins.
These basins are in one-to-one correspondence to the core, lone or shared pairs of the Lewis model.
A core basin contains a nucleus X (except a proton) and is designated as C(X). A valence basin
lies between two or more core basins. Valence basins are further distinguished by their synaptic
order, which is the number of core basins with which they share a common boundary. The
monosynaptic basins denoted as V(X), correspond to lone pairs, whereas the di- and polysynaptic
ones are related to bi- or multi-centric bonds, denoted as V(X1, X2, X3, ...). The average
population of the basin is obtained by integration of the one-electron density over the basin volume.

These populations do not take integral values and are about twice the topologically defined Lewis

bond orders for bonding valence basins.

Results and discussion

Bare metal-exchanged faujasite structures
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The faujasite zeolite presents various crystallographic sites. The most relevant sites for
adsorption are indicated in Figure 1, along with their usual labellings.* !° The crystallographic sites
are occupied by metal cations in the vicinity of substituted Al atoms. We considered different Al
distributions and different Al loadings (§ models in computational details) using the PBE
functional and PAW method. The computed geometrical parameters were compared with

experimental diffraction data (Tables 1, 2 and S2).
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Table 1. Geometrical parameters (A) of sodium- and copper-exchanged FAU Y-type zeolites: results from geometry optimization of

A and B periodic models with PBE functional and PAW method, compared with experimental diffraction data.>>-*® Comparison of

Geometrical Parameters between DFT calculations and experiments of sodium and copper-exchanged FAU Y -type zeolite. Two

periodic models (labelled A and B) were optimized. Model B with the Ali4Cu14096Si34 formula contains one Al-O-Si-O-Al-O-Si-O-Al

sequence but not model B with the Al14Nai1409¢Sizs formula. Geometry optimizations were performed using the PBE for exchange

correlation and PAW method.

Method PBE Experimental diffraction data
Label in the
study or ref A B B 37 3 36 36 38
Si/Al ~2.4 ~2.4 ~2.4 2.4 2.4 2 2 2.7
Formula or
reference AlsNas006Siz4  AlsNasO06Siza  AlisCuisOosSiza  AlseNaseOssaSitne  Als7Nas7O384Siizs  AleaNagOss4aSing  Cu'Y Cu'y
I, L', I*

Occupied M I’(3)? Ir, I
(metal) site 1°(6)® r(6) r : I*
positions r(r)? L II, III I, Is', I, 11

11 (8)° 11 (8)° 11 11

11 (2)°11 (8)?
(AS"A')'O 1.704 1.705 1711 1.649 1.635 1.644 1.63 1.667
verage
M(I)—O i 2.718b 2.33¢ 2,689 ('a)
) ’ ’ 2.22

15



M(I')---O 2.278-3.0134 2.300-2.947¢

M(IID)---O 2.353-2.8444 2.361-2.8434

MID)--0  2.323-2.793¢
MIID)--O0  2.247-3.4734

2.078-3.1724

2.045-2.9924

2.24-2.93¢

2.39-2.86¢

3.10"-2.44

2.77,3.52, 3.62k

2.246-2.941°F

2.38-2.865

(Is)
2.64

(I's)
1.93

(IP)
2.222

(I*) 2.001

(Ir*)
2.033

(I) 2.214

3 number of sites
> Na(I)---O3 bond values.

¢ Na(I)---O2 bond values

d M---O bond values are the average bond lengths below 2.500A and above 2.500A, respectively. M are metal cation (Na or Cu).

¢ Na(I’)---O2 or3 bond values
fNa(I’4)---O2 or 3 bond values
£ Na(II)---O2 and 4 bond values
B Na(1I)---O2 bond values

I Na(II)---O3 bond values

16



I Na(Il)---O2 and 4 bond values

KNa(III)---O, 2,3 respectively are three bond values

17



Even if the present study does not report an extensive study of all the possible Al positions,
different Al positions were considered in the computed zeolite frameworks>® to account for
different possible cation distributions and Al positions in zeolite frameworks. This is the reason
why the average computed (Si/Al)-O and M-O bond lengths in the present Tables could be slightly

different while the formula of the zeolites are the same (Tables 1, 2, 3, S2 and S4).
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Table 2. Geometrical Parameters (A) of sodium and copper-exchanged FAU X-type zeolite. Geometry optimizations were

performed using the PBE for exchange correlation and PAW method.

Method PBE Experimental
diffraction data

Label in the C C 60 61 62 63
study or ref
Si/Al 1 1 1.09 1.18 1.21 1.18
Formula AlaNayy Al»4CuNaps3 AlgxNag, AlggNags ~Alg7Nag7 Algg.1Nags 1

096S124 096S124 O384Si100 038451104 0384Si105 0384S1103.9
Occupied M I'(8)° (8)? r LU, I, 00, I 100,10 LI, ILII, ]
(metal) site , , o
positions 11T’ (8)* 11T’ (8)* 1, T

T(8)* T(8)* I
Si-Oq 1.630 1.623 1.619 1.635
Si-0O; 1.643 1.619 1.630 1.603
Si-0; 1.650 1.618 1.611 1.714
Si-Oy4 1.633 1.615 1.630 1.601
Si-O Average 1.643 1.646 1.639 1.619 1.623 1.638

Al-Oy 1.700 1.708 1.709 1.677




Al-O;

Al-O3

Al-Oy4

Al-O Average 1.759
M()---O1

M()---O2

M()---O3

MI")---O 2.287-2.952*
Md'")---O

MAID---O 2.350-2.898*
MIII')---O 2.312-2.816*
M{III'")---O

MII'"")---O

M@J)---O

1.760

2.098-3.096*

1.713
1.713
1.682
1.702

2.266-2.932%%*

2.355-2.885%**
2.44-2.56%**
2.33-2.43%#*

1.734

1.738

1.707

1.722

3.824

3.555

2.748
2.242-2.942%%*
2.36-2.97**
2.343-2.887%**
2.41-2.44%*
2.45-2.58%**
2.22-2 85%**

1.721
1.710
1.719
1.715

2.241-2.935%*

2.364-2.906%**
2.58-2.777***

1.734
1.654
1.704
1.692

2.761

2.265-2.937**

2.369-2.923%**

1.88-2.56

SJ position is located in the 12-ring window between two supercages®

M= Na or Cu

*the two M---O bond values are the average bond lengths below 2.500A and the bond lengths above 2.500A, respectively

**the two M---O bond values are the average bond lengths M---O, and M---O3, respectively

20



***the two M---O bond values are the average bond lengths M---O; or M---O; and M---O4

1 Only M=Cu values were given

21



Quantum chemical calculations (QM) results clearly show that both the presence of metal
exchanged cations (labelled M) and the Al distribution in the framework strongly decrease the
symmetry of the fully siliceous framework.®* As a consequence, the labels of the oxygen atoms in
the faujasite structure (O1, O2, O3 and O4, depicted Figures 1 and 2) are not the most relevant to
interpret the ligand properties of the oxygen atoms because they strongly depend on the aluminum
vicinity. Thus, the Tables present averaged values of (Si/Al)-O bond lengths without distinction

between O1, O2, O3 and O4 to avoid biased interpretations.

Figure 2. Site II of a Cu'-exchanged Y-type zeolite (Si/Al larger than 1) calculated using PBE
method: Si are grey spheres, O are red spheres, Al are light pink spheres and Cu are brown spheres.
In the present model, the copper metal active site at site II is connected to 3 short Cu---O2 bonds
each widely spaced by longer Cu---O4 bonds. DFT investigations are able to discriminate between

short bond lengths and long bond lengths in contrast with XRD analysis.

Moreover, present QM calculations reveal that M---O4 bond length in six-membered rings
(Figure 1, Table S1) can be either smaller or larger than M---O2 bond length in six-membered
rings, which, of course, is not evidenced in averaged bond lengths from X-Ray diffraction results.

As reported for copper in Table S1, the coordination number (CN), defined as the number of Cu--
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-O bond lengths in site II smaller than the arbitrary value of 2.5 A, depends on the Si/Al ratio and
Al positions in the six-membered ring of sites II.

Present calculated values (Tables 1 and 2) provide information at the molecular scale of the
geometry showing that the Si-O bond and Al-O bond distances are not the same. Such results are
inaccessible using XRD and most of the spectroscopic methods (mainly EXAFS) provide averaged
(Si/Al-O) values depending on the O atoms, being a O1, Oz, O3 or a Oy, as a result of symmetry
constraints. Despite different methodologies to determine Al atoms distribution®-%¢ it is still
difficult to determine accurately the Al positions in the zeolite framework.®’

For Si/Al larger than 1, non-random Al positions in the faujasite are possible>® with significant
changes calculated for the four and six-membered ring symmetries, as previously reported.®* Thus,
average bond distances (Tables 1 and 2) such as those provided from XRD cannot be considered
as markers of the structures. This is the reason why present computed average bond distances do
not correspond to the average experimental values: for example, XRD measurements provide
average values of three (Si/Al)-O> bond lengths while QM calculations provide average values of
the shortest bonds (smaller than a threshold of 2.5 A). QM calculations reveal how the aluminum
distribution induces the local lack of symmetry of the six- and four-membered rings, whereas this
structure disorder could be hard to see within X-Ray diffraction.®® Focusing on oxygen labels by
comparing Oz vs O4 leads to an oversimplified scheme of the local structures, in which the role of
aluminum distribution is overshadowed.

In addition, experimental bond length values depend on the authors as reported in Tables 1 and
2. In this context, it is difficult to compare QM calculated bond lengths with experimental values.

A crude approximation indicates that they are in the same range of values.
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A detailed analysis of the coordination of the metal ions shows that it depends on the Al loading
and position in the rings, especially for copper (Table S1), as it was previously reported.®* Because
the M---Orau interaction forces are larger for Cu' than for Na!, the distortion of the rings are larger
for Cu'than for Na!.¢4
In the present computational study, no M at site I were found, whatever the Al-distribution in the
X- and Y -type faujasite zeolites, while occupation at site I is reported in the literature.3>-56 38, 60-63,
% Present calculations show that the Al distribution influence the occupation of site I but despite
large investigations of different structures, no structure with metal cations at site I (M = Na or Cu)
was obtained. In addition, in the X-FAU type where the Al distribution is strongly limited in
comparison to the large possible Al distributions in the Y-FAU type, no metal cations at site [ were
located. Such results are in line with the conclusion that most probably synthesis routes play a
crucial role in the final structures’® and suggest that positions such as SJ and SI (Tables 1 and 2)
are not frequently occupied if they exist. Even if the experimental metal/aluminum ratio were not
provided in the experimental data from Tables 1 and 2, the present conclusions will not change
due to a possible low Cu/Al exchange of the zeolite.

Addition of CO on metal-exchanged faujasite structures

As previously mentioned, adsorption of CO is frequently used as probe molecule in FT-IR in
situ experiments. According to the literature, only sites located in the largest cages (e.g. sites 11
and III of the supercages in Figure 1) are accessible to CO.°

In the present study, different loadings of CO were calculated (Tables 3, S2-S5) in Y-type FAU
zeolites, from 1 CO to 12 CO/primitive unit cell in order to identify the different possible bond
types and to analyze the influence of both the Si/Al ratio and Al distribution in six-membered

rings. Thus multiple and single adsorptions of CO were considered, including its interaction with
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the O atoms, both in a single adsorption (SI) providing a M...O=C structure and a double
interaction of CO (DI) providing a M...C=0...M structure originally reported using cluster

models.”!
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Table 3. CO adsorption in sodium and copper-exchanged FAU Y-type zeolites unit cells. Comparison of Geometrical Parameters (A)
between DFT calculations and experiments of the addition of one, eight and twelve CO. Two periodic models (labelled A and B) were
optimized. Model B with the CgAl14Cu;140104Si34 formula contains one Al-O-Si-O-Al-O-Si-O-Al sequence but not model B with the
CgAli4Na140104Si34 formula.

PBE Experimental
Method diffraction . and
Spectroscopic
dataS8
labelled A A B A B Si/Al=2.7
CiAligNais09 CipAlisNajs  CgAligsNajs  CiAlLisCuNays CgAli4Cuiyg
F 1 ) ) ) . . I
ormia 75134 O108S134 01045134 O97 Siz4 O104 Siz4 Cuy
I'(3) '(3) 1°(6) '(3)
Occupied metal site
positions (number II(1) (1) II(8) I1(2) I’'(6)
of sites)
1 (2) 1 (2) (1) 11(8)
1(8) 11(8) 11(8)
(Si/A1)-O
Average 1.703 1.706 1.705 1.704 1.684
M(I*)---O%

2.279-3.014  2.290-2.957 2.284-2.949 2.280-3.022 1.9103-2.942
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1.8921-2.9436

M(I)---O* 2.355-2.846  2.359-2.829 2.393-2.822 2.359-2.946
M(III)---O* 2.319-2.799  2.347-2.999 2.293-2.882
M(IT’)---O* 2.248-3.479  2.304-3.237 2.367-2.893

*the two M---O bond values are the average bond lengths below 2.500A and the bond lengths above 2.500A, respectively
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The adsorption of CO may change the copper cation location. A first indicator is the “Cu
displacement”, defined as the distance between the copper at site II and any plane containing three
O atoms centered toward the six-membered ring, before and after CO adsorption. As previously
reported for small cluster models and for a periodic primitive unit cell, the Cu displacement may
reach a value of 1 A.2%7! Such a displacement fits with the experimental value of 0.975 A% In
contrast, no significant displacement was calculated for Na' (0.4 A).2%7! Simultaneously, the metal
coordination number (CN) may also change within the formation of a short bond distance between
the metal and the carbon atom of the carbonyl. To achieve this coordination for copper, the metal
CN with the oxygen atoms of the zeolite framework may change (Tables S1 and S3). Finally, the
position of the copper metal cation in the ring may have changed significantly upon addition of
CO to a position out of the plane of the ring by 0.9 A.7! This “rearrangement” is either very large
or small, exhibiting significant or small changes of the Cu...O bond distances, as shown in Tables
S2 and S3 on the example of the adsorption of 8 CO on 8 Cu' at site II in Y-type FAU
(CO)sCusAl140098Si34.

As shown in Table S2, the adsorption of CO may shift the sodium cations from their original
positions even if the changes are less important than for copper.”! The present study shows that
addition of several CO molecules may cause a displacement of metal cations from their original
position as it was previously mentioned for the addition of one CO molecule.?® According to the
present calculations, while the two geometry optimizations of (OC)12Al14Na14096Si34 using PBE
and PAW method (Table S2) and PBE-D*/BS1 method lead to the same structure with 3 SI’, the
optimization using the B3LYP-D*/BS1 method converged to Na! metal cation at site I: this is a

unique situation where sites [ were calculated to be occupied by cations.
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This (OC)12Al14Na14096Siz4 model was built to investigate different configurations of
coordination in a unique unit cell. Different CO positions were considered in such a large model
showing that CO polyadsorption provides geometries containing two or three CO molecules
adsorbed on one metal site that are minima on the Potential Energy Surface. The geometry
optimizations also evidenced dual CO adsorption (e.g. involving two metal cations such as M---
C=0---M) and O adsorption of CO on Na, similar to those calculated using cluster models, as well
as M---O=C geometries.?? In the unit cell containing 12 CO molecules, the model is not
representative of a progressive adsorption coverage process of CO following an established
adsorption model such as a type I isotherm model. However, this model indicates that the
calculated structure depends on the calculation method with the example of Na! moving from site
[ using B3LYP-D*/BSI to site I’ using the PBE-D*/BS1 methods for the (CO)12A114Na14096S134
model labelled A. In addition, this model with the (CO)12A114Na14096Si34 formula reveals that a
dual adsorption site is calculated even when 12 CO are loaded in the unit cell. Calculated bond
lengths also have different values depending on PBE —D*/BS1 or B3LYP-D*/BS1. Even if a
definitive conclusion about a preferential cation position at site I’ over site I cannot be drawn,
present results suggest that the Potential Energy Surface is most probably relatively flat regarding
metal cation positions in the prism cage with a preference for Na! at site I'. The possible structures
without CO were investigated using PBE, confirming a large preference for NaY type structures
with Na at sites I’ (Table 1).

Whatever the calculation method, as expected, M cations are connected to O from proximate Al
tetraedra. Such tendency remains the same after CO adsorption. Regarding the CN of copper
(Tables S1 and S3), it may change after CO addition from 2 or 3 to 3. The coordination with the

carbonyl ligand is favoured and in the adsorption process, the copper cation may lose bonds with
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the zeolite framework: the number of Cu---Orau bonds is calculated to become smaller after CO
addition (from 2 or 3 to 2).

As the coordination sphere of the metal cation may reorganize upon CO adsorption, it could
question the use of CO as a probe of the metal environment. As CO is a popular probe-molecule
for in-situ infrared spectroscopy, we studied how the local structure of the metal exchange site
influences the IR vco stretching frequency of CO adsorbed on metal cations (Na' or Cu'). We
considered a model containing 8 CO molecules, with identical coverage on each metal cation in
the supercage, providing the (OC)sM14Al14096Si34 formula (M= Na or Cu). We compared the vco
stretching signal for zeolites exchanged with Na' vs Cu' and looked for trends depending on the
aluminum content of the 6MR involved in the CO adsorption.

The vco frequencies calculated in periodic conditions with PBE (Figure 3) show that, when CO
adsorbs on metal cations, the vco signal is shifted in comparison with free CO in gas phase: at
higher frequencies for Na'-exchanged faujasite, and at both higher and lower frequencies for Cul-
exchanged faujasite. Moreover, the vco massif calculated with Nal-exchanged faujasite did not
overlap with the one of Cu'-exchanged faujasite. Those results (shift directions, no overlapping)
are consistent with the experimental observations (2143 ¢m™ for gas phase CO, 2165 and 2176
cm’!' for CO on Nal-exchanged X faujasite,’?, 2160, 2145, 2138 and 2128 cm™! for CO on Cu'-
exchanged Y faujasite’?). From a method point of view, the same trends were obtained with
B3LYP functional (Figure S1 and Table S5) but the frequency values (including the gas phase
one) are upshifted from PBE to B3LYP by approximatively 100 cm™'. A similar upshift from PBE
to B3LYP was previously calculated using cluster models, whatever the metal cation, being

copper’* or sodium.??
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Beyond the values of the vco shifts (Figure 3 and Table S5), the distribution of Na sites causes
a spreading of the calculated vco frequency values in a range of only 13 cm! for the 8 CO of the
(OC)sNai4Al14096Siz4 model (labelled B). On Cu sites, the results obtained with the analogous
model (OC)sCui4Al14096S134 (1abelled B) show that the calculated frequency range is larger for Cu
(~45 cm™) than for Na (~13 cm™). This result suggests that the spectral massif associated with the
vco signal would be much larger for CO adsorbed in Cu-exchanged Y-type FAU than in Na-
exchanged Y-type FAU. This difference in the massif width can be discussed in the light of
experimental results, keeping in mind some hypotheses.> 7273 Indeed, the experimental vco massif
width depends on the intrinsic frequencies of each possible CO adsorbed species (as calculated in
the present study) but also on the effective coverage of the adsorption sites in the experimental
conditions. As the adsorption of CO is much less exothermic on Na! sites (~-25 kJ.mol"!)’ than on
Cu' sites (~-80 kJ.mol™"),”3 the phenomenon is not characterized under the same conditions for Na-
exchanged (under 213 K) and Cu-exchanged faujasites (at room temperature). With those
reservations on the effective coverage, we can compare the spreading of the frequencies in the vco
massif, evaluated from the difference between the highest and the lowest frequencies picked by
the authors. It appears in the experimental literature that this numerical spreading is lower for Na-
exchanged faujasites (11 cm™ in X faujasite below 213 K)7? than for Cu-exchanged faujasites (32
cm’! in Y faujasite at room temperature),’”® consistently with the suggestion from the present
calculations.

The band broadenings are associated with different Si/Al ratio in the 6 MR. In the Na-exchanged
model (OC)sNai4Al14096S134 (labelled B), the most upshifted values were calculated for the 6 MR
containing only one Al, while the least upshifted values were calculated for the 6 MR containing

2 Al atoms. Similarly, in the Cu-exchanged model (OC)sCui14Al14096S134 (labelled B), the increase
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of Al in the 6 MR induces a downshift of the vco value. This result combined with previous
calculations clearly showed that the frequency values were sensitive to the proximity of Al atoms
in the rings e.g. the Si/Al ratio from the 6 MR (leading to a downshift calculated for Al-rich 6 MR),
as it was previously shown.?% 71:75 Present results suggest that the bandwidth of the vco stretching
mode is a marker of the Al distribution in the 6 MR of the zeolite (Figure 3, Figure S1 and Table
S5). In the case of Cu-exchanged FAU, this influence of the Al distribution is particularly visible
in the calculated data set. Experimentally, for the largest vco downshifts, we may assume that this
Al distribution factor cumulates with another downshift factor not studied here: the possibility for
CO to create a double interaction with two exchanged cations. Indeed, in the case of (Na,Cu)-
faujasites, previous calculations have shown that the formation of a double interaction (DI) Cu'---
C=0---Na! could also cause a downshift of the vco in comparison with the gas phase, as observed
experimentally at around 2140 ¢m™!.2%-22.71

The extent and the direction of the vco shift relate to the Al distribution, the possibility of double
interaction but also to the nature of the exchanged metal and of the interactions it creates with CO
and the zeolite framework. In the model containing Cu instead of Na, the vco frequency values
calculated using the PBE method clearly downshifted and did not overlap, while the C=O bond
lengths increased (Figure 3). As indicated above, the calculated values downshifted for copper in
comparison to sodium because of the transition metal character of copper.'® 7® Cu! interacts
strongly with CO in comparison with Nal. The Cu! interaction with CO would result from a
synergistic contribution of the 6- and nt- bond.> A significant 7 back-bonding from Cu to CO is in
line with IR stretching frequency values lower than the one of isolated CO but it does not explain

the experimental intense frequency band higher than the one of isolated CO. The vco upshift

reveals the electrostatic character of M, the influence of which appearing stronger for Na than for
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Cu. In the following part, we dissect out contributions to binding interaction and specificity by

analyzing an easy-to-use cluster model with different calculation methods.
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Figure 3. CO in faujasite Y exchanged with Na' or Cu®: vc-o stretching frequency (in cm!) as a
function of the C=0 distance (in A) calculated with PBE/PAW method in (CO)sNasAl140osSiz4

(triangles), (CO)sCugAl1409sSiz4 (circles) and COgss (diamond, modeled in a periodic box).

In previous studies, it was concluded that Na' behaves like an electrostatic acid and Cu' like a
covalent acid.'> Recent developments in computational chemistry methods allow to investigate,
analyze and characterize the nature of Lewis acids such as Na' and Cu' interacting with the faujasite
zeolite and/or with CO. Metal cations at site II (Figure 2) without and with CO were considered.

Without adsorbed CO, the Na' and Cu' cations both interact with the oxygen atoms of the 6 MR

in a mainly electrostatic manner. In the case of Na!, three Na---O bonds were evidenced with NBO,
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QTAIM and ELF methods (detailed in S1., Figure 4a and Table S6 in Supporting Information) and
they were characterized with descriptors consistent with a purely ionic bonding (e.g. natural charge
0f 0.919). In the case of Cul, two pairs of Cu---O bonds were distinguished: the two longer bonds
were analysed with descriptors typical for van der Waals interactions whereas the two shorter
exhibited descriptors consistent with an ionic and weakly covalent bonding (see Figure 4a for the
QTAIM result on 6T model). As expected with Cu!, the two latter stronger interactions were
directed on both sides of the cation, resulting in an apparent 2-coordinate linear complex. The
partial covalent character was evidenced with a natural charge lower for Cu' (0.859) than for Na!
(0.919) but the bonding between Cu' and the oxygen atoms remained mainly ionic (detailed in
S1.). For both metal cations, the NBO, QTAIM and ELF analyses did not show any basin of

electron sharing between the cations and the framework oxygen atoms.
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Figure 4. Faujasite Y exchanged with Na' and Cu' without CO (a.) and with adsorbed CO (b.):
geometries and QTAIM molecular graphs calculated at the B3LYP/6-311G(d,p) level for the 6T
cluster model containing one sodium and one copper metal cations. Red balls are O, white balls

are H, brown ball is Cu!, purple ball is Na!, clear skin color balls are Si, pink balls are Al. Bond

34



critical points (BCPs) are located as small labelled green spheres. See main text and Table S6 for

the definition and values of BCP descriptors.

With CO adsorbed on the exchanged metal cation, Na' and Cu' behaviors differ more strongly.
CO adsorbs on both cations by its C atom but the molecule-cation interaction is electrostatic with
Na' whereas it is a dative 6 bond with Cul. According to the topological analysis (detailed in S2.),
when CO adsorbs on Na' in the fully Na'-exchanged zeolite model (Figure 5 and Table S10), the
Na! cation of the adsorption site interacts with the CO molecule and the framework oxygen atoms
with purely ionic descriptors. When CO adsorbs on Cu' in the zeolite model with Cu' in SII position
(Figure 4b, Tables S7 and S8), this Cu! cation interacts in a different way with CO and the
framework oxygen atoms. The Cu'---CO interaction is characterized with QTAIM and ELF
descriptors of a covalent single bond whereas the Cu'---Orau interactions remain ionic weakly

covalent, as without CO adsorbate.
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Figure 5. CO adsorbed on faujasite Y exchanged with Na': geometries and QTAIM molecular
graphs calculated at the B3LYP/6-311G(d,p) level for the 6T cluster model containing two sodium
cations. Red balls are O, white balls are H, purple ball is Nal, clear skin color balls are Si, pink
balls are Al. Bond critical points (BCPs) are located as small labelled green spheres. See main text

and Table S7 for the definition and values of BCP descriptors.

The QTAIM charges calculated here for Na' and Cu' in faujasite (resp. 0.90 and 0.75) are in the
same range as values previously calculated in chabazite zeolite.”* In the latter study, the QTAIM
atomic charges were calculated for extra-framework Cu'or Cu! cations (0.76-0.80 and 1.29-1.32
respectively), using hybrid DFT (PBEO, HSE03 or HSE06).”* The QTAIM charge for extra-
framework Cu! was thus consistently calculated between 0.75 and 0.80 in faujasite and chabazite
zeolites with hybrid DFT. In chabazite, the QTAIM atomic charges of extra-framework Cu! or Cu'!
cations were reported to be almost unchanged upon adsorption of CO.”* The same holds for the
faujasites of this work, for which QTAIM atomic charges are calculated at 0.83 for Cu' and 1.22
for Cu'' upon CO adsorption.

Interestingly, the QT AIM analysis evidences that the Cu' interactions with the zeolite framework
oxygen atoms (Figure 4a) reorganize upon CO adsorption: from an apparent 2-coordinate linear
complex stabilized with 2 van der Waals interactions without adsorbate, the Cu' coordination
changed into a distorted trigonal planar geometry, with two 6 MR geminal oxygen atoms on one
side and the CO ligand on the other (Figure 4b).

To complete our topological analysis of the copper cation interacting with zeolites, we extended
our perspective by studying the behavior of faujasite exchanged with Cu'" in SII exchange position,

at the centre of the 6 MR (Figure S4 and Table S9). The results (detailed in S3.) showed that the
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bonds between the copper cation and the zeolite framework oxygen atoms have a higher covalent
character for Cu'! than for Cu'. Inversely, the Cu''---CO bond seems to be less covalent than the
Cu!---CO bond. Concerning the nature of their Lewis acidity in zeolite environment, both Cu! and
Cu'"appeared very versatile and no general conclusion can be drawn without precision of the Lewis
base involved in their interactions.

Present calculations revealed that Na' Lewis acid belongs to electrostatic acid family as well as
the Cu! Lewis acid when Cu! interacts with zeolite framework oxygen ligands, in contrast with
previous conclusions.!> More precisely, present studies clearly indicated that the Lewis acid
properties depend on the atom types in interaction: coordination of carbon monoxide CO through
the C atom results in an electrostatic interaction with Na'and a dative bond with a strong covalence
degree with Cu'. In contrast, Cu'! Lewis acid exhibited both electrostatic and covalent contribution
as suggested by the weakening of the dative Cu"-CO bond and the CN increasing from two to
three (detailed in S3.). The present analyses (NBO, QTAIM and ELF) converged to the same
conclusions regarding the electrostatic nature of the interaction of Na! and Cu' with the O atoms
of the FAU zeolite whatever the models 6 T and 43 T were used.

Finally, the topological analysis of the metal cation---CO interactions allow us to explain the
shift of the vco stretching band value of CO adsorbed on Na'and on Cu' in faujasite zeolites. When
an electrostatic interaction occurs between CO and the metal cation such as Na!, the vco band is
upshifted in comparison with isolated CO. When comparing between the interaction of CO and
the metal such as Cu'in which the interaction has a higher covalent character, the vco band is less
upshifted in comparison with isolated CO and less upshifted than the one of CO adsorbed on Nal-
exchanged faujasite. Indeed, the Cu'---CO dative bond was calculated to be highly polarized

(detailed in S2.). Such behaviour revealed that even with a soft CO ligand, the Cu'---CO interaction

37



keeps an ionic character. Present analyses explained why the vco stretching band value depended
on the configuration of the exchange site and was slightly upshifted in comparison with the vco

stretching band value of CO in gas phase.

Conclusions

The present DFT study revealed the microscopic structure of metal sites of faujasite zeolites that
were not accessible experimentally, depending on the Si/Al ratio and on the nature of the metal
cation. It showed that the alkali and transition metal ion exchanged were not necessarily connected
to 3 short bonds each widely spaced by longer bonds. In addition, DFT investigations are able to
discriminate between short and long bond lengths. Present results showed a decrease of the
symmetry of the crystallographic sites in comparison with those generally considered for zeolites.
In addition, this quantum chemistry investigation showed that there were no cation at site I. The
same tendencies were predicted in faujasite with Si/Al ratio of 1.

The number of Al in the 6 membered ring was clearly reflected in the calculated vco vibrational
frequency values in the Y-type faujasites and the frequency distribution is larger for CO adsorbed
on Cu' than on Na'. The calculated values were downshifted by approximatively 100 cm™ from
B3LYP to PBE methods.

Present results showed that the electrostatic character of M (Cu' or Na') was revealed in the vco
stretching band values that were clearly upshifted for Na' in comparison with Cul. While QM
correlation between vco vibrational frequency values and the C=0O bond distance was expected,
topological analyses were used to provide more information about the nature of the chemical
interaction between metal cations and adsorbed CO. Topological analyses clearly indicated that

whatever the metal alkali or transition metal ion, the nature of the interaction with the zeolite
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framework is mainly ionic. Even if in the case of Cu!, a dative Cu---CO bond was evidenced after
addition of CO at copper site, it kept an ionic character. These analyses supplement vco vibrational

frequency values and characterized M---Orau and M---CO interactions.
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Geometry parameters calculated using PBE and PAW methods and experimental data are in Tables
S1-S4, calculated frequency values are given in Table S5 and in Figure S1. Calculated QTAIM
descriptors of zeolite cluster models in Figures S2-S5 are given in Tables S5-S6-S7-S8-S10,
calculated ELF descriptors of zeolite cluster model in Figure S4 are given in Table S9, and
topological analyses used to characterize Cu' and Na! interactions are detailed in paragraphs S1,

S2 and S3.
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