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Abstract

Density functional theory (DFT) was used to optimize the geometries and calculate the
enthalpies for the interactions between polar (H,O), quadrupolar (CO, and N), and apolar (H,
and CHy) atmospheric gases with a cluster model of the Engelhard titanosilicate ETS-10 having
sodium extra framework cations (Na-ETS-10). The DFT calculations were performed with
different exchange-correlation functionals and were corrected for the basis set superposition
error with the counterpoise method. The calculated enthalpies for the interaction of the five gases
with Na-ETS-10 decrease in the order H,O > CO»>> N, = CHs> H;, and compare well with
experimental data available in the literature. The enthalpies calculated at the MO06-L/6-
31++G(d,p) level of theory for the two extreme cases, i.e., strongest and weakest interactions, are
-60.6 kJ/mol (H,O) and -12.2 kJ/mol (H;). Additionally, the calculated vibrational frequencies
are in very good agreement, within the approximations of the method, with the characteristic
vibrational modes of ETS-10 and of the interactions of gases with Na in the 12-membered

channel in ETS-10.
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1. Introduction

Titanosilicates form a class of molecular sieves with interesting porous structures for
many applications, ranging from catalysis to adsorption and ion-exchange [1-3]. An interesting
material belonging to the family of titanosilicates is the Engelhard titanosilicate ETS-10, which
is a microporous zeotype material containing titanate chains originating lines of corner-sharing
TiOg¢ octahedra embedded in a silica framework. In this material, each TiOg¢ in the framework has
an associated charge of —2 that is compensated by extra-framework exchangeable cations [2, 4,
5]. The charge-balancing species exist in the structure and can be replaced by other ions. These
titanosilicates show good catalytic and separation properties: They have been applied as potential
heterogeneous catalysts [6-9], photo catalysts [10, 11] and have been utilized also in the
stabilization of radical cations. ETS-10 materials have the capability of acting as ion exchangers
for heavy metals [12, 13] and, therefore, found application as selective heavy metal removal
materials [14, 15]. When ETS-10 materials are used in catalysis, their catalytic activity can be

tuned by careful selection of the charge-balancing ions.

Similarly, adsorption capacities and selectivity of gases on ETS-10 can be modified also
by ion-exchange, and these characteristics can be exploited, for instance, to design appropriate
adsorbents for temperature/pressure swing adsorption (TSA/PSA) techniques [16-22]. Indeed,
several authors [17, 18, 20, 23, 24] suggested ETS-10 as an adsorbent for gas separation
processes. Al-Baghli et al. [17] and Anson et al. [20] reported that CH4 and hydrocarbons can be
captured utilizing the PSA technique, while Kuznicki et al [1, 22, 25] evidenced the good
capacities of ETS-10 to separate N, from landfill gas [22] and air [25]. Moreover, Park et al [21]
found that CO; can be separated from its mixture with N, using cation exchanged ETS-10. It is

important to note that the ability of ETS-10 to adsorb several gases depends on an adequate
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activation process (degassing by increase of the temperature) before adsorptive separation
(PSA/TSA) or catalytic processes. In particular, humidity, carbon dioxide and nitrogen are the

main atmospheric contaminants in this type of adsorbent.

Both these types of application (catalysis and separation) rely on close interactions
between target molecules and the framework atoms, including the charge-balancing cations, and
obtaining a more in-depth understanding of these interactions is crucial in this context.
Computational methods can provide very useful insight into these systems. Indeed, due to the
interesting properties of ETS-10 in many different applications, it is not surprising to find in the
literature several computational works, using different approaches, performed with the aim of
understanding the structural and spectroscopic properties, as well as the catalytic activity, of this
class of materials. For example, de Man and Sauer [26] optimized at the Hartree-Fock (HF) level
the atomic positions in several different cluster models of ETS-10 and their corresponding pure
siliceous analogues. The calculations showed that titanium prefers a 4-fold coordination. Ching
et al. [27] used the internal coordinates of ETS-10 crystal [2, 3] and performed an optimization
of only the positions of the extra-framework cations using the local density approximation
(LDA) based on the density functional theory (DFT). The possible locations of the alkali atoms
were identified to occur inside the seven-member ring pores adjacent to the one-dimensional —
Ti—O-Ti—O- chains. While studying the optical properties of ETS-10 using DFT, Bordiga et al.
[28] concluded that the unusual optical properties of the titanium silicate (ETS-10) molecular
sieve are associated with the presence of atomically defined —O—Ti—O—Ti—O- chains that behave
as linear quantum wires, while Zimmerman et al.[29] showed that band gap energies can be well
represented with relatively small cluster models and that any asymmetry within the —O-Ti—-O—

chain does not affect the electronic structure of ETS-10. Other studies have analyzed the effect of



changing the alkali metal cation [30] or substituting the framework transition metal [31] on the

catalytic properties of ETS-10.

Spectroscopic techniques, sometimes complemented by DFT calculations, were used to
investigate the structural properties of ETS-10 as well as the interactions of gas molecules with
this material. For example, Guo et al. [32] studied the crystallization of ETS-10 by Raman
spectroscopy combined with *’Si Nuclear Magnetic Resonance (NMR), DFT calculations and
scanning electron microscopy (SEM) imaging. They considered also the PBE functional and a
single —O-Ti—O— chain model with three (3Ti) titanium atoms encapsulated in the supporting
SiO, framework, to calculate the vibrational frequencies, which were used to aid the assignment
of the Raman bands. Vibrational spectroscopic studies were performed for the interaction of
several gases (e.g. CHy4, Hy, Ny, CO, CO,, NO and H,0) in Na-ETS-10 [28, 33-38]. Zecchina et
al. [33] studied by FTIR spectroscopy the adsorption of H,, N,, CO, and NO in M-ETS-10
materials (M=Na or K) with the aim of investigating the spectroscopic modifications induced on
the vibrational modes of the sorbate molecules. They report the formation of M'-(sorbate)
adducts involving mainly the cations located in the 12-membered ring channels. At high dosages
and for N, and CO, they suggest that more than one molecule may interact with the same cation.
The adducts give rise to IR absorption bands in the ranges of 4050-4150 cm™, 2331-2333 cm™,
2148-2176 ¢cm’' and 1820-1900 cm™, respectively, for H,, N, CO and NO. Llabrés i Xamena
and Zecchina [38] and Kishima and Okubo [34] used CO, and CHi, respectively, as probe
molecules to evaluate the basicity of ETS-10 and they found that oxo-hydroxides contribute

strongly to the basicity of ETS-10 as it happens for zeolites.

Despite their importance, however, the interaction of atmospheric gas molecules with

ETS-10 having extra framework cations was not studied thoroughly. The present study aims at
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providing an atomic level knowledge about adsorption in this class of materials. For that
purpose, DFT approaches were used to study the interaction of three types of molecules (polar,
quadrupolar, and apolar type) with a finite cluster model of ETS-10 having extra-framework
sodium ions (Na-ETS-10). It is thought that the DFT results for the interactions of H,O, H,, CHa,
CO; and N; in ETS-10 will be very important for the understanding of ETS-10 materials and will
bring a theoretical background about their activation, a crucial prerequisite for their use as

adsorbents or catalysts.

2. Computational methods

Plane-wave electronic structure calculations employing periodically repeated unit cells of
ETS materials are computationally expensive due to the large sizes of their crystallographic cells
[39]. Therefore, in the present work, we have considered the cluster approach and Gaussian type
orbitals (GTOs) to model the structure of ETS-10. The initial atomic coordinates of the cluster
model of ETS-10 were taken from the experimental crystallographic data [40]. The crystalline
structure of ETS-10 (Figure 1) belongs to the P41 space group and the lattice parameters are a =
b=7.425 A and ¢ = 27.08 A. The highlighted portion in Figure 1b, ball and stick representation
of the single crystal structure contains a single TiO, chain encapsulated in the supporting SiO,
framework. Figure la represents the model used for the QM investigation of gas sorption in
ETS-10. It consists of a small cluster model containing two Ti (2Ti) atoms within the
COLTiIOLTiIOL chain and having a half portion of the 12-MR (12-member ring) with the
extra framework sodium ions. The ETS-10 cluster model was terminated with hydroxyl groups.
The terminating H atoms were placed at the same bond angles and dihedral angles as the

corresponding Si or Ti atom in the extended crystal structure, and at a bond distance of 0.965 A,
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which is a typical value for this type of materials [41]. The initial positions of the cations

employed to neutralize the system were taken from Wang and Jacobson [40].

(@)

(b)

Figure 1. View of the cluster model (a) cut from the peric

)

/morph

B from ref. [2]) shown in (b).The spheres in (a) represent atoms fully optimized while sticks
represent frozen atoms at their periodic positions. Note that terminal Si atoms were replaced by
H in (a). Color code is: Bluish-green for Ti, yellow for Si, red for O, violet for Na and white for

H.

The cluster model has been chosen to model the interactions of the sorbates with the

cations as well as with the [JOITilJO[! chains in the large channels of ETS-10. The structural

changes and adsorption enthalpies for the different gases interacting with Na-ETS-10 were

calculated at the DFT level with the Gaussian 09 code [42]. The energy of interaction, Ein, was

calculated as Eint = Esorbate-adsorbent — Eadsorbent — Esorvate, where Eagsorbent 18 the total cenergy of the



isolated cluster model shown in Figure 1a, Egobate 1S the total energy in vacuum of the sorbate
(e.g. Ha, Ny, CO,, CHy4 or H,0) and Egorbate-adsorbent 1S the total energy of the system, with the
sorbate interacting with the cluster model. Thus, in the present notation, negative values for the
energy of interaction mean favorable adsorption. The enthalpies of interaction at 7=0 K and
298.15 K were also obtained in this work by the inclusion of thermal corrections taken from the
calculation of vibrational frequencies, which were also used to characterize all the structures as
true minima on the potential energy surface. The geometries, the energies and the enthalpies of
interaction include the basis set superposition error (BSSE) corrections calculated with the
counterpoise method [43]. The structures of the different systems were fully optimized with the
exception of the terminating hydroxyl groups in the NaETS-10 model, which were held fixed for
a better representation of the rigid crystalline structure. In the case of the sorbate-adsorbent
system, the sorbate molecule was initially positioned close to the Na2 cation, which is identified

in Figure 1a.

This work is divided in two parts: In the first part, a DFT study was carried out for the
interaction of methane with the Na-ETS-10cluster model using several different exchange-
correlation functionals included in the Gaussian 09 code, namely, B3LYP[44, 45] , B3PW91[44,
46], PBE[47, 48] , BP86[49, 50] , B97-D [51] , M06-L[52] , M06 [52, 53], M06-2X [53], and
MO6-HF [53], and using the 6-31G(d,p) [54, 55]all-electron basis set for all the atoms.
Experimental data available for the methane-Na-ETS-10 system was used to benchmark the
computed enthalpies of interaction and to select the most interesting exchange-correlation
functional to study molecular adsorption in NaETS-10. Then, in the second part, the selected
functional was used to study the interaction of the other gaseous molecules with Na-ETS-10. The

role of diffuse functions in the description of the interaction of the five molecules with NaETS-



10 was also analyzed by further calculations employing the 6-31++G(d,p) basis set[56].To
reduce the computational expense, diffuse functions were only considered for the atoms in the
sorbate molecule, in the central Na cation (Na2), and in the framework oxygen atoms
neighboring the Na2 cation, i.e., which correspond to the atoms in the sorbate and to atoms

labeled O1, 02, 05, 06, O7 and Na2 in Figure 1a.
3. Results and Discussion
3.1 Structure of the bare Na-ETS-10 model

Selected geometrical parameters for the optimized structure of the Na-ETS-10 cluster
model are reported in Table 1. The most important aspect to check is the position of the sodium
cations neighboring the large 12-MR channel, i.e., those interacting with the [JO[ITilJO[] chain
and labeled in Figure 1 as Nal and Na2, since these cations are expected to have a crucial role in
the local geometry of the ETS-10 framework and in the strength of the sorbate-substrate
interaction. According to Wang and Jacobson, [40] the Na2 cation is coordinated to five oxygen
atoms at 2.57-2.62 A while Nal is coordinated to eight oxygen atoms at distances 2.50-2.99 A.
Table 1 reports the range of interatomic distances in the ETS-10 cluster model calculated with
the nine different exchange-correlation functionals considered in this work. From a quick
inspection, it is seen that the range of distances calculated in this work, with several different
DFT approaches and the 2Ti model shown in Figure la, is similar to that reported by
Zimmerman et al [29] using a 5Ti model and the ONIOM(DFT:MM) approach. Additionally, the
data calculated in this work is in satisfactory agreement with the single crystal X-ray diffraction
data taken from ref. [40]. However, it should be noted that the calculations predict the sodium
ions to be closer to the framework than the X-ray diffraction experiments, but this can be

explained to some extent by the presence of disordered space-filling species, such as H,O
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molecules, in the structure studied experimentally, which are not being considered in the
computational studies. The consideration of such species is less relevant for the purposes of the
present computational work since ETS-10 is activated by heating for use in adsorption or in
catalysis and, therefore, any adsorbed molecules are evacuated from the material during this

process. Additional data for are provided as Supporting Information.

Table 1. Comparison of selected DFT geometrical parameters for the bare Na-ETS-10 cluster

model with the corresponding experimental and ONIOM(DFT:MM) data taken from the

literature.

Parameter” Exptl. [40] ONIOM method [29] DFT/6-31G(d,p)"
Tix-Oy 1.9940.01 1.91-2.13 1.86-2.13
Tix-O5 1.872+0.001 1.94 1.82 - 1.88
Na2-Oz 2.57+0.01 2.36-2.46
Na2-05 2.62+0.03 2.22-2.29

Til-O5-Ti2 177.9 171.9-173.8

“Atomic labeling in Figure 1 with x=1 or 2, y=1-4 or 6-9, z=1, 2, 6 or 7; distances in A and angles in degrees. "Range
of results calculated in this work with different functionals.

3.2 Adsorption of Methane in Na-ETS-10

In ETS-10, the cations act as electron-pair acceptors toward the framework oxygen atoms
or toward the sorbates. The experimental results (for example, single crystal [2, 40], multi
nuclear NMR [5], vibrational spectra [32, 33, 35, 36, 38] , TPD [9], adsorption [15] and catalysis
[8, 30, 57] studies) disclosed that the cations Na2, which are less coordinated than cations of the
type Nal, would be the primary sites for interaction with guest molecules in the 12 MR of ETS-

10. Recent calculations on the interaction of acetylene with Na-ETS-10 showed that the
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preferential sites for adsorption were the Na™ ions with which the acetylene forms m-complexes

[57].

Table 2. Optimized sorbate to cation distances (d(Na"---C), A), interaction energies (AE, kJ/mol)
and interaction enthalpies at 7=298.15 K (AH*™*"**, kJ/mol) calculated at the DET/6-31G(d,p)
level of theory for CH, adsorption at the 12-MR of Na-ETS-10."

DFT approach d(Na*+-C) AE AHP?15K
B3LYP 2.93 2.5 (-11.9) 2.1(-1.3)
B3PW91 3.04 5.8 (-5.7) 10.3 (-1.1)
B97-D 2.67 -44.3(-56.0) -37.5 (-49.2)
BP86 3.27 -13.0(-25.1) -6.3(-18.6)
MO06-L 2.88 -27.7 (-34.2) -20.9 (-27.8)
M06 2.84 -23.7(-33.2) -19.1 (-28.6)
M06-2X 3.00 -22.9 (-34.1) -18.4 (-27.4)
MO6-HF 2.86 -22.1 (-33.5) -18.3 (-27.3)
PBE 2.89 -8.2 (-20.0) -3.8 (-15.6)

*Available experimental enthalpies of interaction are: -21.4 kJ/mol (Toth model, ref.[17]), -21.0 kJ/mol (unilan
model, ref.[17]), -20.8 kJ/mol (virial three constants model, ref. [17]), -22.9 kJ/mol (virial three constants model,
ref.[58]), -23.3 kJ/mol (Toth model, ref.[22]). Energies and enthalpies in parentheses do not include BSSE
corrections.

The adsorption of molecules by materials involves in many cases weak interactions
dominated by dispersion that constitute a challenge for standard DFT approaches [59, 60].
Herewith, the experimental range of values for the enthalpy of interaction between the apolar
methane molecule and Na-ETS-10 was used to benchmark several different functionals. The
experimental enthalpies of interaction are included in the interval from -20.8 kJ/mol to -23.3
kJ/mol and were deduced from the fit of Toth, unilan or virial three constants models to the

adsorption data obtained with volumetric systems in temperature ranges around 7=298.15 K [17,
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22, 58]. Note that the experimental isosteric enthalpies were obtained with the Clausius—
Clapeyron relation, with expected errors of about 3-5% [61, 62]. The enthalpies of interaction at
7=298.15 K, calculated at the DFT/6-31G(d,p) level of theory, with and without corrections for
the BSSE, are given in Table 2. As it can be seen, BSSE corrections are quite large, and should

be considered in order to obtain reliable results.

The enthalpies calculated with the family of M06 functionals are in much better agreement
with the experimental results than the enthalpies calculated with the B3LYP, B3PW91, BP86
and PBE approaches. This is a consequence of the inclusion of dispersion interactions in these
functionals, which are absent in the other, widely used, DFT approaches [59]. Note, however,
that the B97-D functional which includes dispersion but in a quite empirical way[59] leads to
significant overestimation of the enthalpy for methane interacting with Na-ETS-10 (~15
kJ/mol).Looking in detail to the enthalpies calculated with the four different M06 functionals we
can conclude that the local version (MO06-L) yields the best agreement with the available
experimental results, in line with previous suggestions that M06 functionals with larger
percentages of Hartree-Fock exchange, i.e., M06-2X and MO06-HF, are less interesting for
systems having transition metal elements [53]. It also corroborates recent findings where this
functional was shown to provide very good interaction energies for challenging systems
dominated by dispersion forces, namely, interaction of CO with the (111) surfaces of Rh, Pt, Cu,
Ag and Pd [63], adsorption of benzene, pyridine, thymine and cytosine on the Au(111) surface
[64] or interaction of water with the CuBTC metal organic framework [65]. The fact that the
MO06-L/6-31G(d,p) enthalpy for methane interaction with the Na-ETS-10 model is included in
the interval defined by the experimental results is very encouraging, and we have decided to use

the same approach to study the interaction of other molecules with Na-ETS-10 (c.f. next section).
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Note also that the M06-L result for methane is significantly improved with respect to the Grand
Canonical Monte Carlo (GCMC) isosteric heat of adsorption at 7=298.15 K of -28 kJ/mol
reported by Gallo et al. [66]. The calculated sodium to methane distances, d(Na'---C), are
between 2.84 A and 3.04 A, which are similar to the distances reported by Guo et al. [57] for
acetylene interaction with Na-ETS-10, i.e., 2.76 A and 2.87 A for the two C atoms in HCCH.The
calculated NPA (Natural Population Analysis) charges show that the methane molecule becomes
slightly positively charged (+0.019 e), while the charge of the Na2 cation is 0.082 e less positive
than in the bare model (Supporting Information), i.e. upon the formation of the sorbate-substrate
complex, the charge gain in Na2 results from the interaction with the sorbate and also from

neighboring Nal atoms.

3.3 Adsorption of Other Gases in ETS-10

The MO06-L functional was used in the optimization of the geometries and calculation of
the energies and enthalpies corresponding to the interactions of the polar (H,O), quadrupolar
(CO, and Nj), and apolar (H,) atmospheric gases with Na-ETS-10. The calculations were
performed with two different types of basis sets, the 6-31G(d,p) basis set used in the calculations
reported in the previous section, and the 6-31++G(d,p) basis set, which includes a set of diffuse

functions in all the atoms.

The configurations optimized at the M06-L/6-31++G(d,p)level of theory for the CHy, Ny,
H,, CO, and H;0 molecules interacting with the Na-ETS-10 model are depicted in Figures 2, 3,
4, 5 and 6, respectively and additional structural details are provided as Supporting Information.

As found for methane, the H,O, CO,, H,, and N,sorbates are interacting with the Na2 ion (c.f.
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Figure 1) at distances of 2.36 A, 2.51 A, 2.70 A and 2.75 A (Figures 3 - 6), respectively. Similar
distances were computed with the 6-31G(d,p) basis set, e.g., 2.36 A, 2.52 A, 2.61 A and 2.72 A,
respectively, suggesting that geometries are well described with the basis set without diffuse
functions and that the most important difference is in the calculated energies [67]. From the data
compiled in Table 3, it is found that the sorbates are not affecting too much the position of the
Na2 ion, which despite being less coordinated to the framework oxygen atoms than Nal, moves
only slightly from its original location in the bare Na-ETS-10 model. This is quite interesting,
since the interaction enthalpies calculated for the five different sorbates (see Table 4) span a
range of values between -12.2 kJ/mol (H) and -60.6 kJ/mol (H,0O), i.e., the interaction energy
for water in Na-ETS-10 is approximatelly 6 times larger (i.e. stronger) than that calculated for
hydrogen. Although water does cause the largest displacement of Na2 from the original
crystallographic position (the Na2-O5 distance in the case of water adsorption, i.e., 2.29 A, is
slightly increased by ~0.05 A), this is a very small effect, and is practically absent with the other
less polar sorbates (the other four cases have Na2-O5 distances of 2.24-2.25 A).Additionally,
upon interaction with the Na2 position, total charges in the sorbate molecules are slightly
positive, with NPA values of 0.081, 0.026, 0.035 and 0.038 e respectively for N,, Hy, CO, and
H,O species, and the Na2 cation gains some electron charge upon interaction with these

adsorbates, respectively, 0.100, 0.061, 0.061 and 0.060 e (Supporting Information).

The calculated enthalpies at 7=298.15 K for nitrogen and carbon dioxide adsorption on Na-
ETS-10 compare well with the experimental isosteric heats available in the literature. The
differences between the calculated and experimental data are 1.3 kJ/mol and 6.8 klJ/mol,
respectively. Note that the experimental result for nitrogen was derived from experimental

studies where air instead of nitrogen was used [25], and that in the case of CO, the data points
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used to derive the isosteric heats of adsorption were obtained at temperatures well above 298.15
K [22]. The good agreement between calculated enthalpies of interaction and experimental heats
of adsorption found for methane, nitrogen and carbon dioxide gives us confidence about the
quality of the calculated enthalpies for hydrogen and water adsorption in Na-ETS-10, for which
experimental heats of adsorption are not available. The MO06-L enthalpies of interaction at
7=298.15 K for hydrogen and carbon dioxide in Na-ETS-10 are not far from the GCMC isosteric
heats of adsorption, at the same temperature, reported by Gallo et al. [66], with values of -9 and -

37 kJ/mol, respectively.

Table 3. Sodium to adsorbate and sodium to framework oxygens distances (A) optimized at the

MO06-L/6-31++G(d,p) level of theory using BSSE corrections.”

Bare CH, N, H, CO, H,0
Na2-adsorbate” — 2.88 2.75 2.70 2.51 2.36
Na2-01 2.42 2.42 2.41 2.40 2.42 2.41
Na2-02 2.42 2.42 2.43 2.43 2.46 2.49
Na2-05 2.25 2.25 2.24 225 2.25 2.29
Na2-06 2.42 2.42 2.42 2.41 2.42 2.44
Na2-07 2.42 2.42 2.46 2.43 2.45 2.50

“Distances in the bare model are also provided for comparison purposes. "Nearest neighbor
distances, except for methane where the Na2-C distance is given.
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Table 4. Comparison between the experimental isosteric heats of adsorption (AH***") and the

calculated energies (AE) or enthalpies of interaction (AH' ) at temperatures 7= 0 K or 298.15 K.

All values in kJ/mol.*

Gas AHisosteric AE AHO K AH298.15 K
CH, 20.8t0-23.3[17,58] | -27.4(-27.7) | 202 (-20.3) | -20.8 (-20.9)
N -22.8°[25] 22.8(-26.7) | -20.8 (-24.9) | -21.5 (-25.5)
H, 149 (-12.8) | 9.5(-7.7) | -12.2(-10.4)
CO, 42.1 [22] -39.5 (-42.9) | -36.4 (-40.2) | -35.3 (-39.0)
H,0 -66.7 (-66.2) | -59.1 (-58.6) | -60.6 (-60.1)

‘Data in parenthesis were calculated with the M06-L/6-31G(d,p) approach while the remaining
values were obtained at the M06-L/6-31++G(d,p) level of theory; interaction energies and
enthalpies include BSSE corrections. "Air adsorption.

The comparison of data in Tables 3 and 4 shows some correlation between the sorbate to
sodium (Na2) distance and the enthalpy of interaction, with the exception of hydrogen, which
can be explained by its smaller size when compared with the other four gases. As it can be seen
in Table 3 and Figures 5 and 6, water and carbon dioxide bind closest to the sodium ion Na2 and
are the gases having the largest interaction enthalpies, with water being the hardest among the

studied species to remove from Na-ETS-10.

16



Figure 2. Configurations optimized with the MO06-L/6-31++G(d,p) approach and the
counterpoise methodfor CHy, interacting with Na-ETS-10, viewed along directions parallel (a)
and normal (b) to the —Ti—-O-Ti— chain. Dashed lines show the distances between the sodium
cation and each individual atom of the sorbate. Color code is the same as in Figure 1, plus grey
for Carbon.

Figure 3. Configurations optimized with the MO06-L/6-31++G(d,p) approach and the
counterpoise methodfor N, interacting with Na-ETS-10, viewed along directions parallel (a) and
normal (b) to the —Ti—O-Ti— chain. Dashed lines show the distances between the sodium cation
and each individual atom of the sorbate. Color code is the same as in Figure 1, plus blue for
Nitrogen.
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Figure 4. Configurations optimized with the MO06-L/6-31++G(d,p) approach and the
counterpoise methodfor H,H,O interacting with Na-ETS-10, viewed along directions parallel (a)
and normal(b) to the —Ti—~O—Ti— chain. Dashed lines show the distances between the sodium
cation and each individual atom of the sorbate. Color code is the same as in Figure 1.

(b)

Figure 5. Configurations optimized with the MO06-L/6-31++G(d,p) approach and the
counterpoise methodfor CO, interacting with Na-ETS-10, viewed along directions parallel (a)
and normal(b) to the —Ti—-O—Ti— chain. Dashed lines show the distances between the sodium
cation and each individual atom of the sorbate. Color code is the same as in Figure 1, plus grey
for Carbon.
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Figure 6. Configurations optimized with the MO06-L/6-31++G(d,p) approach and the
counterpoise methodfor H,O interacting with Na-ETS-10, viewed along directions parallel (a)
and normal (b) to the —Ti—O-Ti— chain. Dashed lines show the distances between the sodium
cation and each individual atom of the sorbate. Color code is the same as in Figure 1.

Atmospheric gases are contaminants that can be found in this type of materials when
exposed to air, so their regeneration for catalytic or sorption applications is a very important
aspect. The present DFT study suggests that if Na-ETS-10 is used for catalysis, gas storage or
gas separation, water will be an important contaminant since it presents a much higher

interaction enthalpy than any of the other four atmospheric gases considered in this work.

3.4 Vibrational Frequencies for Atmospheric Gases in ETS-10

The calculated vibrational frequencies at the M06-L/6-31++G(d,p) level of theory for the
optimized systems showed several peaks in the spectral regions that are characteristic of the Si-O
stretching modes in SiOs, e.g. 917-987 ¢cm™, and of the Ti-O stretching modes in -Ti-O-Ti-

chains, e.g. ~630 cm™, [57]. Several other vibrations are also in good agreement with other
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experimental results suggested to be characteristic for ETS-10 (e.g. vibrations at 1140, 1123,
1090, 1032, 882, 750, 731, 665, 610, 555, 515, 490, 456, 440, and 434 cm'[68]). Selected
vibrational frequencies calculated at the M06-L/6-31++G(d,p) level of theory for isolated and for
adsorbed gases are compared with available experimental results in Tables 5 and 6, respectively.
As it is common practice, the calculated vibrational frequencies had to be scaled since most of
the computational approaches yield vibrational frequencies that are generally larger than the
experimentally observed frequencies [69]. The experimental vibrational frequencies with values
above 1000 cm™ for the five atmospheric gases considered in this work were used to optimize a
scale factor for the MO06-L/6-31++G(d,p) method. The optimal scale factor obtained by
minimization of the sum of the differences between scaled and experimental vibrations is 0.949
which is not far from the scale factor reported by Truhlar and co-workers (0.953) for the M06-
L/6-31+G(d,p) combination and for a database consisting of 15 molecules [70]. As it can be seen
in Table 6, scaled frequencies for the different sorbate molecules compare well with available IR
absorption bands [33, 36-38]. This confirms that the experimental vibrations are due to the
formation of Na'-adsorbate (CHy4, N5, Hy, CO5 and H,0) adducts with Na cations located in the
12-membered channels, and that the model with two titanium (2Ti) and four extra-framework
sodium ions at their two cation locations is able to capture correctly the physics of the adsorption

process in ETS-10 materials.
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Table 5. Comparison of relevant calculated and experimental vibrational frequencies (cm™) for

the isolated gas molecules.

1651 (Sn-0-n)

1567 (bu-o0-n)

1595 (Bu-0-n)

Calculated® Experimental
Molecule
Unscaled Scaled Band Ref.
3196 (Ve assym) 3033 (Vc_m, assym) 3019 (vc_m, assym)
CH, 3046 (Ve 1, sym) 2890 (Ve-n, sym) 2917 (ve-n, sym) (71]
1550 (Op—c-n) 1471 (Op-c—n) 1534 (Op_c-n)
1323 (Opc-n) 1255 (Sp_c_n) 1306 (Op_c-n)
Na 2433 (vn-N) 2309(vN-N) 2331 (vn-nN) [72]
H, 4379 (Vin) 4155 (vin) 4155 (vin) [72]
2479 (Vo-c-0, assym) | 2352 (Vo-C-0, assym) | 2349 (Vo-c-0, assym)
CO, 1380 (vo-c-0,sym) | 1309 (vo_c o, sym) 1337 (Vo-c-0, sym) [71]
665 (8o-c-0) 665 (do-c-0) 667 (do-c-0)
4009 (vo-n) 3804 (vo_n) 3756 (vo-n)
H,O 3873 (vo-n) 3675 (Vo-n) 3657 (vo-n) [71]

*M06-L/6-31++G(d,p) level of theory; scale factor for vibrations above 1000 cm™ is 0.949 while

vibrations below are unscaled.
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Table 6. Comparison of relevant calculated and experimental vibrational frequencies (cm™) for

different adsorbed molecules in Na-ETS-10.

Calculated® Experimental
Sorbate
Unscaled Scaled Bands Ref.
3179 (veon), 3016 (ve-n),
3171 (ven), 3009 (vc_n),
CHL (ve-n) (Ven) b 34]
3031 (veon), 2876 (vc_n), 2885, 2893, 2900 (vc_n)
1318 (dp_c_n) 1250 (6n_c_n)
N, 2431 (VN-N) 2307 (VN-N) 2333 (VN-N) [33]
H, 4329 (Vun) 4107 (van) 4113,4107 (vgn)° [33]
2486 (vo-c-o), 2359 (vo-co), 2353 (vo-co),
1379 (vo-c-0), 1308 (Vo_c-o), 1690, 13654,
o, (Vo-c-0) (Vo-c-0) [38]
1208 (vo_c-o), 1146 (vo_c-o), 1381, 1274°
665 (00 c 0) 665 (00_c 0)
3932 (vo-n) 3731 (vo-n), 3670 (vo,H)f,
H,O 3714 (vo-n) 3524 (vo-n) 3580 (vo,H)f, [37]
1698 (6n.0-H) 1611 (6y.0-n) 1634 (&H),H)f

*M06-L/6-31++G(d,p) level of theory; scale factor for vibrations above 1000 cm™ is 0.949 while
vibrations below are unscaled; bold text denotes values that can be compared directly. "From left
to right, frequencies at low, medium and high gas-phase equilibrium pressure, respectively.
“Frequencies for para- and ortho-hydrogen, respectively. “Values for carbonate-like species.
*Fermi resonancesbetween Raman-active and combination mode vibrations. 'Vibrations for

adsorbed water molecules originated from reaction of ethene:oxygen mixtures in (Na, K)-ETS-
10.

Conclusions

The interactions of H,, N, CO,, CHs and H,Ospecies with ETS-10 having extra
framework sodium cations were studied by means of density functional theory. It was found that
the M06-L exchange-correlation functional together with double zeta basis sets, with or without
diffuse functions, provides enthalpies for the interaction of these atmospheric gases with Na-

ETS-10 in very good agreement with available experimental isosteric heats of adsorption if basis
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set superposition errors are introduced in the structural optimization and energy calculation. It
was found that the adsorbates interact preferentially with the sodium cation located in the large
12 MR ring of ETS-10. Upon interaction with such cations, adsorbates become slightly
positively charged and the sodium ion gains some negative charge. The strength of the gas-
material interaction increases in the order H,< CH4< N,< CO,< H,O, with enthalpies of
interaction at 7=298.15 K ranging between -12.2 kJ/mol (H;) and -60.6 kJ/mol (H,O). The
vibrational frequencies calculated at the M06-L/6-31++G(d,p) level of theory are in very good
agreement with the experimental vibrations characteristic of the formation of Na---adsorbate
adducts for Na cations located in the 12-membered channels. The calculations suggest that due to
the strong gas-material interactions found for the polar H,O and the quadrupolar CO; species, the
regeneration of ETS-10 materials after usage in separation and/or catalysis processes could be an
energy intensive process. Note that the models studied in this work are representative of systems
at very low pressure and that most of the applications for these materials are thought for large
pressure. However, the adsorption behavior at such conditions is highly determined by the
strength of the sorbate-sorbent and sorbate-sorbate interactions at the atomic level, and data
obtained in this work is certainly relevant to understand experimental data obtained under more
realistic conditions and to calibrate other computational strategies (e.g. Monte Carlo

simulations).
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