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Carlo Lamberti,'? and Silvia Bordiga'

! Department of Chemistry, NIS and INSTM Reference Centre, Universita di Torino, Via G. Quarello 15, I-10135 and Via P.
Giuria 7, [-10125, Torino, Italy

? International Research Center “Smart Materials”, Southern Federal University, Zorge Street 5, 344090 Rostov-on-Don,
Russia

ABSTRACT: Titanium Silicalite-1 (TS-1), because of its crystalline structure and its well-defined Ti sites, represents the prototype
of a single site catalyst. According to this fundamental aspect and to the relevant role of TS-1 as selective catalyst in important in-
dustrial partial oxidation reactions, TS-1 has been widely characterized through both experimental and computational techniques.
Still, several fundamental aspects of its structural and catalytic properties have to be addressed. Among these, an intriguing topic is
the Ti location in the various sites of the MFI framework. The independent sites are generally considered to be 12, following the
Pnma space group of TS-1 at high Ti loading. However, when Ti loading is lower than 2 atoms per unit cell, diffraction showed as
the system must be described by the P2,/n space group, thereby allowing 24 independent sites. With respect to previous studies, this
work aims to exploit this datum to give a more accurate description of the TS-1 system at low Ti loadings, adopting a state of the
art methodology (all electron periodic B3LYP-D2 calculations). The relative stabilities of the 24 Ti sites have been evaluated,
showing a good agreement with previous studies. The simulation of adsorption energies for ammonia (present as reactants in some
of the most important industrial reactions catalyzed by TS-1) over the most stable sites have been computed as well, in order to val-
idate the obtained models. Additionally to binding energies, adsorption enthalpies and Gibbs free energies have been obtained
through an approximate reduced Hessian scheme. The improved local description of the Ti sites (in combination with the adducts
stabilities given by the energetic data) allowed the deep understanding of subtle effects, such as the number of molecular ligands
each Ti atom can actually host upon adsorption. These results, showing only few sites can efficiently host two ligands in the neigh-
borhoods of STP conditions, allowed for the first time the heterogeneity in the experimental outcomes reported over the last two
decades to be rationalized.

1. INDRODUCTION

Titanium Silicalite-1 (TS-1) is a well-known zeolite-based catalyst with MFI framework topology.l The peculiarity of TS-1 is rep-
resented by its active sites, i.e. single Ti atoms isomorphously substituting Si in the zeolitic framework. Such sites, in combination
with aqueous hydrogen peroxide, are able to catalyze a variety of partial oxidation reactions, among which olefins epoxidation and
cyclohexanone ammoximation are the most relevant and presently industrially exploited.”” The low loading of Ti which can be in-
serted (below 3 % of TiO,) and the high dispersion of the substituent atoms across the framework positions make TS-1 a potential
example of single site catalyst, i.e. a material where all the active sites have (in first approximation) a similar local structure and
catalyze the same reaction through the same mechanism. In this regard, TS-1 represents an optimal material for fundamental re-
search, both with experimental or computational approaches. A large number of experimental works dealing with TS-1 is
available,'®?” whereas the fraction of theoretical papers is significantly lower.® ™ Among the latter, even less modeled TS-1 as a
periodic System.zg’3()’32’33 The reasons are most probably the size of the structure (288 independent atoms if P, symmetry is consid-
ered, as in a single Ti substitution per unit cell) and the flexibility of the MFI framework intrinsically connected to the wide range
of bond angles and energies which Si-O-Si angle can span.’*’ The former drawback has been progressively overcome, following
the evolution of both computational resources and codes. Instead, the latter remains an intrinsic problem of the MFI topology,
which must be necessarily addressed. Even if some properties can be simulated through model systems (e.g. Ti chabazite,”****
where Ti was inserted in the highly symmetric CHA framework™®) the explicit modeling of the MFI topology is compulsory in or-
der to observe peculiar effects related to TS-1. As an example, an open question relates to the capability of the various Ti sites to
adsorb ammonia, a point that is relevant in some important reactions catalized by TS-1 such as cyclohexanone ammoximation.”™
Pioneering studies combining extended X-ray absorption fine structure (EXAFS) and calorimetric data showed as the adsorption of
two NH; molecules per site is possible,**** whereas more recent studies performed with valence to core X-ray emission spectrosco-
py (vte-XES) lean toward a single molecule adsorption.*® A weak point of the previous approaches is the average picture over all
the Ti sites that these techniques offer on. In this regard, a proper simulation can helpfully drive the experiment interpretation. MFI
models have to be exploited, indeed the adsorptive properties are most probably determined by local effects (such as the positioning
of Ti sites with respect to the zeolitic framework). According to the last point, each possible substitution of Si with Ti generating an



independent site must be taken into account. Previous works always referred to TS-1 as derived from the orthorhombic (Pnma
space group) polymorph of Silicalite-1,">******* but already its discoverers reported as it belongs to the P2,/n monoclinic space
group when the Ti loading is < 2 atoms/cell,' or at cryogenic temperatures: Marra ef al.*’” have shown that an activated TS-1 sam-
ple (2.6 wt.% in TiO,) undergoes a Pnma to P2,/n at 170 K. Thereby, since Ti sites are considered separately through single substi-
tutions, this study considered the monoclinic Silicalite-1 (S1) as the correct starting point for simulation. This implies also that the
number of independent Ti sites is doubled (from 12 to 24), increasing the number of structures to be considered. The 24 structures
have been relaxed and ranked on the basis of their relative stabilities: two different computational strategies were adopted and, for
each site, the lowest achieved energy was coherently chosen as the “most correct one”. Such procedure allowed selecting the most
probable substitutions, i.e. the most abundant Ti sites. Finally, a detailed study of NH; adsorption over the most stable sites has
been performed. In detail, the focus has been put on the adsorption capability of these sites, in terms of number of NH3; molecules
which can be adsorbed. The aim is to shed light on this debated property of TS-1 through a critically comparison with experimental
results.

2.COMPUTATIONAL DETAILS

TS-1 models were constructed starting from a siliceous Silicalite-1 structure, derived by Artioli and coworkers by neutron diffrac-
tion.*”® As previously discussed, the model has P2,/n symmetry, in agreement with experimental findings from TS-1 discoverers."
In Figure 1, the position of the 24 independent T sites within the MFI unit cell is highlighted.
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Figure 1. Pictorial representation of the 24 independent T sites within the MFI unit cell (having P2,/n symmetry). Colors are arbitrary cho-
sen for sake of visualization.

In order to compare the results from this paper with the previous literature (dealing with TS-1 described as orthorhombic), it is use-
ful to exploit the following relation:

Ty=Tp+n-12 , n=0,1 (1)
where Ty, is the label of an independent Ti sites in the monoclinic structure (ranging fro 1 to 24), T, is the label of an independent

Ti sites in the orthorhombic structure (ranging fro 1 to 12) and n is an integer which can assume 0 or 1 as values. Where not speci-
fied, the label “T” hereafter always refers to the monoclinic sites (7).

Two different computational approaches were followed: in the first one, the Silicalite-1 structure was pre-optimized exploiting the
CRYSTALI14 code,” with the B3LYP-D2 functional (i.e. combining the B3 hybrid exchange functional® with the LYP correlation
functional’' and including empirically dispersive forces according to the Grimme D2 scheme’”). As demonstrated in our previous
study on Ti-CHA, " dispersive forces are of outmost importance in the correct description of the adsorption of molecules over the
Ti sites, thus were systematically included in the calculations. Then, Ti substitution was performed and the derived TS-1 structures
relaxed (again through the B3LYP-D2 method). In the following, this method will be referred to as “B3LYP-D2 only”. In the se-
cond approach, a preliminary Molecular Mechanics (MM) relaxation through the GULP code™ was initially adopted, exploiting the
Force Field (FF) proposed by Sierka and Sauer for the siliceous framework,”* whereas parameters for Ti from Ricchiardi and Sauer
were considered.”™ Structures obtained from MM were further optimized within the CRYSTAL14 code, through a periodic B3LYP-
D2 approach. This last scheme will be hereafter labeled as “FF = B3LYP-D2”. Such approach enabled (through the FF pre-
optimization) the generation of new structures to be exploited as initial guess for the consequent high-level calculations, thus poten-
tially allowing different portions of the Potential Energy Surface (PES) inaccessible by bare B3LYP-D2 to be explored.

The same basis set and computational parameters recently exploited in our study on Ti chabazite (Ti-CHA) were employed in this
study.” In detail, titanium, silicon and oxygen atoms were described through a 86-411G(d31),” 88-31G(d1),” and 8-411G(d1)™
basis respectively. In ammonia adsorption simulations, nitrogen and hydrogen atoms were respectively described with a TZV2P
and a TZV basis set from Ahlrichs.” The truncations for the mono- and bi-electronic integral (TOLINTEG) were set to {777714}.
The sampling in the reciprocal space (SHRINK) was set to {2 2}, for a total of 8 k points. The maximum order of shell multipoles



in the long-range zone for the electron-electron Coulomb interaction (POLEORDR keyword) was chosen to be 6. All the other pa-

rameters were set to default values according to the CRYSTAL14 manual.™

Such calculation was repeated over the 24 independent crystallographic sites of the monoclinic MFI framework and the resulting

TS-1 structures were ranked in terms of relative stability. The two rankings built through the B3LYP-D2 only and the FF >

B3LYP-D2 approaches were compared in terms of absolute energies, thus generating a third ranking where the lowest energy for

each T site was selected.

Reaction energies for the Si — Ti substitution were computed as well, in order to allow a direct comparison with previous litera-
30,40 . . .

ture.” " In detail, the reaction hereafter reported was considered:

S1+ Ti0,(rutile) - TS1 + SiO,(a — quartz) 2)
Reaction energies AE,,;, were consequently computed as:
AEg,, = E(TS1) — E(S1) + E(Si0,) — E(Ti0,) 3)

Such hypothetical solid-state reaction was preferred to other proposed in the literature (e.g. see Re
computational approach adopted in this work, indeed giving better results with solid systems.

f. %) to better suit the periodic

Ammonia adsorption was then simulated over the three most stable sites, according to the following general reactions:
TS1+ NHj g4 = (TS1+ NH3)gqquct “4)

(TS1+ NH3)aqquce + NHz gq5 = (TS1 + 2NH3)qquce (5)

The Binding Energies for the two processes were then computed according to Equations 6 and 7:

BE' = E(TS1) + E(NHs 4o5) — E((TS1 + NHs3) qaguct ) (6)

BE? = E((TS1 + NHs)aaquct ) + E(NHs gas) = E((TS1 + 2NH5) aaguct ) (7

where E(TS1) is the energy of the bare TS-1, E(NH3,gaS) is the energy for isolated NH; and E((TS1+ NH3)aqquce ) and
E((TS1 + 2NH3)qqauce ) represent the energies for the single and double TS-1-NH; adducts respectively. These binding energies
were BSSE corrected according to the counterpoise method,”! thereby according to Equation §:

BE® = BE — [E,(A%) — Eg,(A%)) + E,(B®)) — Eqp(B))] (®)

The correction is achieved subtracting from the bare BE a term related to the energies of the adduct monomers (here labeled as “A”
and “B”) after these have been geometry relaxed upon adsorption (as pointed out by the ey superscript). Their energies have been
computed considered their only basis functions (“,” and “,” subscripts) or including the functions for the other monomer as well
(“a” subscript). From the definition of BE® given in Equation 8, recasted considering explicitly the BE term, the interaction can be
split in two contributions as reported hereafter:

BE® = E,(A) + Ey(B) — Eqy(AB) — [Eq(A%) — Eo, (A%)) + E,(BY)) — Eo;, (B*))] )
BE® = [Eq,(A%) + Eqy(BY)) — E4,(AB)] + [Eo(A) — E,(A%)) + E,(B) — E,(B/)] (10)
BE® = BE®"t 4 DE (11)

cint

The two terms of Equation 11 (DE and BE™) takes into account the energetic cost of monomers deformation upon adsorption and
the pure interaction contribution to the BE respectively.

In order to obtain a better comparison with the experimental adsorption data (which are adsorption heats), adsorption enthalpies
were estimated through the calculation of vibrational frequencies. Since these can be calculated only numerically (with an unsus-
tainable computational cost over the whole system), as first approximation a reduced Hessian was computed, including only the
displacements from the Ti(OSi), moiety and the adsorbed molecules. Adsorption Gibbs free energies were computed as well. All
the calculations were carried out considering Standard Temperature and Pressure (STP) conditions, i.e. 298.15 K for temperature
and 1 bar for pressure. The stability of NH; bi-adducts was further checked, since the capability of TS-1 to adsorb one or two am-
monia molecules is debated.****** Therefore, the Gibbs free energy was specifically computed for the desorption of the second
ammonia molecule (i.e. the inverse of the process described by Equation 5) too, as function of temperature and pressure. Tempera-
ture and pressure ranges have been selected on the basis of the experimental conditions exploited in research work discussed to-
gether with present results.* ™ It is worth to mention that the obtained thermochemical results (especially concerning Gibbs free
energies) have been obtained in an approximate way, then only allowing a qualitative discussion with respect to experimental re-
sults. A more detailed description would require: i) the inclusion of a higher number of atoms (possibly all) in the calculation of the
Hessian; ii) the exploitation of a proper formalism (e.g. taking into account anharmonicity effects) in the calculation of Gibbs free
energies.



3. RESULTS AND DISCUSSION
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Figure 2. Relative stabilities of Ti sites placed in the 24 T sites of MFI, evaluated through: a B3LYP-D2 relaxation starting from the exper-
imental geometry (B3D), a B3LYP-D2 relaxation starting from a geometry previously relaxed through FF (FF->B3D) and a combined
ranking obtained by choosing the lowest absolute energy from the previous calculations for each site (Emin). The ranking obtained from
the only FF relaxation (FF) is reported for completeness. On the right, the quantification of the used symbols is reported from O (green) to
35 kJmol-1 (brown), by step of 5 kJmol-1.

Figure 2 shows the relative stability of the 24 possible Ti sites of a single-substituted TS-1. The numerical values for such relative
stabilities are listed in Table S1 of the Supplementary Content. A clear difference among the trends obtained with the two different
computational strategies adopted is observed. The “B3LYP-D2 only” calculations show as the sites “pack” in a limited number of
subsets, namely six different families can be distinguished. Another interesting feature is represented by the low spread of the rela-
tive stability values among these subgroups: 20 sites over 24 show a relative stability lower than 10 kJmol . These rather low val-
ues do not clearly depict which T sites are favored to host Ti. For this reason, the second calculation strategy (FF - B3LYP-D2)
was attempted. The pre-relaxation performed through FF allowed a different portion of the PES to be explored, bringing the model
toward a totally new initial guess. Upon the consequent B3LYP-D2 optimization, a more articulated situation with a higher spread-
ing of the relative stabilities of the various T sites, is observed. According to these calculations, the most stable sites are T9, T10
and T15, followed by the T8, T11, T18 and T22 sites. All the other sites lay in a range of stabilities ranging from 10 kJmol™ up to
almost 40 kJmol ', suggesting that their occupancy is not favored. Furthermore, with respect to the bare FF ranking, the exploitation
of B3LYP-D2 completely alters the sites stabilities, testifying as the adopted FF just helped to explore the PES, anyway without
giving reasonable results by itself. The two rankings presented above here demonstrate as the PES associated to the TS-1 structure
is rather complex and difficult to explore, since different starting points could bring to different energy minima. In this regard, even
if dynamic methods represent the election tool toward this type of study, these haven’t been applied in this preliminary stage since
their unaffordable cost at the desired level of theory. However, in order to give the best possible description, the previous datasets
were compared in terms of absolute energies (see Table S1, E,,, columns for B3D, FF - B3D and E,;, methods) and the lowest
value for each site was kept. This strategy allows selecting the best possible solution achievable within the available dataset, since
the lowest energy point will correspond to the deepest minimum reachable through the computational method applied in this work.
Even if the spreading of the values is reduced with respect to FF = B3LYP-D2, the various sites are still sufficiently “energetically
resolved” to clearly categorize them. Again, the three most stable sites are T9, T10 and T15, with a relative stability spreading low-
er than 2 kJmol'. With respect to previous data, both experimentall2’33’47’60’61 and computationa128‘3°’32’33’62’65, the T10 and T15 (the
latter corresponding to 7,3 in the Pnma MFI structure) are often found as the most probable sites, whereas T9 is rarely reported.



The other low energy sites (T8; T11; T18 corresponding to 7p6; and T22 corresponding to Tp11) also frequently occur in the litera-
ture.

In order to make a more direct comparison with computational literature,™*" absolute substitution energies were calculated accord-

ing to the hypothetical reaction reported in Equation (2). The graphical outline of these results is given in Figure S1, whereas the
numerical values are reported in Table S2 of the Supplementary Contents. According to the calculations, the substitution reaction is
not favored in any site, with reaction electronic energies falling in the 80-110 kJmol™. The result is absolutely reasonable in com-
parison with reference literature data: Zicovich-Wilson and Dovesi reported substitution energies in the 80-105 kJmol™! range for
Sodalite and Chabazite exploiting a periodic Hartree-Fock approach;* later Gale studied the substitution of Ti in the 12 independ-
ent sites of Pnma TS-1 with a pure DFT method (PBE), obtaining reaction energies in the 85-110 kJmol.*® The present results cor-
rectly fit in a similar energy region, testifying the reliability of the approach.

3.2 GEOMETRICAL FEATURES

The evaluation of the goodness of computed geometrical parameter is not trivial, since the number of structures to be compared. A
direct comparison of the features derived for each of the 24 structures with experimental data could be misleading, since some of
the sites are expected to be scarcely populated according to their instability. Critically considering the structural data available from
experimental techniques (mainly powder X-ray and neutron diffraction and EXAFS spectroscopy), they represent an average over
the whole measured sample. The adopted strategy was then to average the computational data too: two strategies were attempted,
exploiting the “E,;,” dataset of structures.

Table 1. Averaged geometrical parameters for the TS-1 structures: cell parameters (a, b, ¢) and angles (a, B, ¥), cell volume
(V), its expansion with respect to siliceous Silicalite-1 (AV) and average Ti-O distance (<Ti-O>). All the lengths are given in
A, the angles in °, the volume in A, the volume expansion in percentage.

Method Ref a b c o B Y \% AV/V®  <Ti-O0>°
Arithmetic average TW 19724 19992 13343 900 91.1 90.0 5260 0.42 1.805+0.002
k weighted average TW 19725 19965 13339 900 912 900 5252 026 1.806:£0.004
Laboratory XRPD 10 19.907  20.108 13381  90.0 90.6 90.0 5356  0.30 -
Synchrotron XRPD " 19911 20.118 13399  90.0 903 90.0 5367 031 -

Neutron PD 248 19.907 20072 13385  90.0 90.0 90.0 5348  0.39 -
Synchrotron EXAFS 66 - - - - - - - - 1.793+0.007

? the volume expansion is calculated with respect to the Silicalite-1 volume, i.e. AV = [V(TS-1) — V(S-1)] / V(S-1). The volume of Sili-
calite-1, together with its cell parameters, is given in Table S3.

® the uncertainness on computational data was calculated through error propagation. The standard deviation on the average of the four
Ti-O distances for each TS-1 structure was took as its uncertainness.

In the first one, the simple arithmetic average of the main features (cell parameters, volume and average Ti—O distance) was taken.
In the second strategy, a weighted average was performed, using as weight an indicator of the relative population of each T site. An
equilibrium-constant-like parameter k was in first approximation then calculated applying the following well-known relation:

Ink = —RTAG (12)

Since the AG values are not available, AEy,, was used instead. The temperature was arbitrary set to 298.15 K. As £ is related to the
probability that substitution occurred in a given T site (i.e. to the concentration of such substituted site), it clearly relates to its oc-
cupancy by Ti.

In this regard, it is possible to evaluate that T10, T9 and T15 account for more than 80% of the Ti-substitued sites (32.2%, 30.2%
and 17.8% respectively), whereas each other position shows occupancy lower than 10% (see Table S3, column Occ). Even if the
evaluation of & is rather rough, it could help in giving a better average description. The results achieved through the two averaging
strategies are reported in Table 1 and compared with experimental results.'™'"* For completeness, the whole set of geometrical pa-
rameters for each site (including the k£ weights) is reported in Table S3 and the full structures (given in fractional coordinates) are
available in the Supporting Information. Upon averaging of computational parameters, both strategies give similar results. There-
fore, our energy ranking is neither validated nor falsified by the experimental structural parameters. However it provides a set of
representative structures which constitute a safe ground for method validation and the adsorption studies. Referring to Silicalite-1
(see Table S1), the obtained geometrical descriptors show as B3LYP-D2 underestimates the cell parameters and thus the cell vol-
ume. Referring to the experimental geometry proposed for the P2,/n Silicalite-1,'"""** the computed cell parameters are 0.5-0.8%
shorter than expected. Consequently, the calculated cell volume is about 2% lower of the experimental ones. A possible explanation



for such behavior is the difficult description of the floppy siloxane bridges. As reported in several benchmark studies involving
simple models of the Si-O-Si moiety, its correct description in terms of both geometrical and energetic features requires to adopt
post Hartree-Fock methods together with large basis sets.”** DFT is in general giving a poorer geometrical description, whereas it
gives reasonable energetic values.*® Furthermore, it is worth to mention that Silicalite-1 is often a defective material, i.e. where
some Si atoms are missing, thus generating nests of interacting silanols.®”® These moieties bring to the expansion of the cell (since
they are bulkier than a usual tetrahedral Si site),” thereby a direct comparison of our Silicalite-1 model (which is defect-free) to ex-
perimental data is not straightforward. Moving to the TS-1 models, the b and ¢ parameters are correctly expanding as expected from
experimental results,'™"" whereas the a parameter is slightly decreasing. Again, all the cell parameters (thus the cell volume) are
slightly underestimated with respect to the corresponding experimental values, in line with the previous findings on Silicalite-1.
Another significant difference is found in the B angle, which increases with respect to the Silicalite-1 model (where the experi-
mental data show a slight decrease). Conversely the o and y are found to be right-angles, even if no symmetry constrains have been
set during the geometry relaxation. What is however interesting is the good agreement in terms of volume expansion upon Ti inser-
tion: this parameter is very sensitive, indeed it represented the first experimental evidence of the isomorphous substitution of Ti in
the Silicalite-1 framework.' The k weighted average further gives a better description, giving a value very close to the experimental
ones. Finally, accounting for Ti—O distances, these values are in line with the experimental ones, both in term of absolute value and
of deviation from the average.

3.3 NH; ADSORPTION

Ammonia adsorption, at both single and double coverages, was simulated over the three most stable sites (i.e. T9, T10 and T15).
The BSSE corrected Binding Energies (BE®) are reported in Table 2 together with adsorption enthalpies and Gibbs free energies
(AH and AG) estimated through a reduced Hessian calculation. NH; adsorption simulation has been performed over two further T
sites with intermediate and poor relative stabilities (T4 and T24 respectively) to verify the possible difference occurring in adsorp-
tion at less-stable sites. In fact, high adsorption energies are often observed on high energy sites. The graphical outline of the struc-
tures of the single and double TS-1-NH; adducts are shown in Figure 3.

Table 2. Main geometrical and energetic values for NH; adsorption (both single or double) over the three most stable Ti
sites (T9, T10 and T15). Adsorption parameters over other two sites with intermediate (T4) and poor (T24) relative stabili-
ties have been computed for comparison. Ti-N distances, counterpoise BSSE corrected Binding Energies (BE®) and their
deformational (DE) and purely interactive (BEci"') components, adsorption enthalpies (AH) and Gibbs free energies (AG)
are reported. AH and AG have been estimated through a reduced Hessian calculation at STP conditions (298.15 K, 1 bar).

All the distances are given in A, whereas energies are expressed in kJ mol™.

Adduct Ti-N' Ti-N> BE® DE BE™ AH AG

+NH;' 2315 - 842 -47.0 1312 -74.6 -28.7
T4
+NH;> 2.347 2307 18.8 -88.7 1074 -7.7 36.0

+NH;' 2311 - 75.9 -425 1184 -67.3 -242
T9

+NH;* 2280 2315 78.9 -51.8 130.7 -69.5 -24.1

+NH;' 2302 - 91.5 -47.7 139.2 -82.5 -38.0
T10

+NH;2 2328 2359 342 -648 989 -254 17.7

+NH;' 2.294 - 84.1 -43.4 127.5 -752 -322
T15

+NH;? 2300 2306 593 -71.7 131.0 -49.7 -3.4

+NH;' 2320 - 72.0 -42.8 1148 -659 -19.6
T24

+NH;* 2312 2327 60.6 -71.3 1319 -48.0 -44
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Figure 3. Structures of the single and double TS-1-NH3 adducts over the three most stable Ti sites (T9, T10 and T15). The structures for
single and double TS-1-NH3 adducts over sites with intermediate (T4) and poor (T24) relative stabilities are reported for comparison.

Even possessing similar relative stabilities, the three most stable sites show remarkable differences in adsorptive properties. The T9
site presents similar BE® for both the first and the second adsorbed molecule. The same consideration stands for the estimated AH
and AG, both similar among the consecutive adsorptions and, most importantly, negative. As the calculations suggest, the adsorp-
tion process of ammonia over T9 site is favored for two molecules at STP conditions. A different result is achieved with T10 site,
where the highly favored adsorption of the first molecule is followed by a 63% drop of the BE® upon the insertion of the second
ammonia. The much lower electronic stability of the second process readily affects the other quantities, leading to a still negative
(but low, in absolute terms) AH and to a positive AG. The result points out that the adsorption of a second NH; molecule over the
T10 site is unlikely to occur at STP conditions. Finally, T15 presents an intermediate situation: all the energetic quantities suggest
that both the first and the second adsorption are possible and favored, but with a clear predominance of the first event (the AG value
for the second adsorption event is negative but small at STP conditions). To shed light on the causes of this behavior, BE® was de-
composed in its two components (i.e. DE and BE®™) as defined in Eq. 9-11. Site T9 presents a slight increase of both DE and BE®™
upon the second adsorption, finally leading to very similar BE® and justifying the conduciveness of the double adsorption process.
As already expected, T10 has a totally different trend, with a second adsorption giving rise to a significant increase of DE and
(mainly) to a considerable drop of BE®™. The longest Ti-N distance, measured upon the second NH; insertion, is symptomatic of
this weaker interaction. Finally, T15 pays the higher energetic price for the second NH; adsorption in terms of DE, however being
compensated by the still high BE®™ associated to the process.



The adsorptive properties of NH; over representative, less-stable sites (T4 and T24) have been computed. Site T4 shows a behavior
very similar to the case of T10: the adsorption of a single NH; molecule is highly favored, whereas the insertion of the second mol-
ecule is not possible at STP conditions. Similarly, T24 mimics the adsorption occurring at site T15, with a favorable first adsorption
event and a slightly favored second one. Considering interaction enthalpies, these falls in the same energetic range observed for ad-
sorption occurring at the more stable sites, despite their higher instability logically suggest they should interact stronger with ad-
sorbates. In this regard, the calorimetric data for NH; adsorption over TS-1 cannot be regarded as a potential method to assess Ti
location in the MFI framework.

The energetic analysis of the three most stable T sites upon NH; adsorption depicts the complexity of the TS-1 system, where the
local environment (as depicted in the animated structure ¢9.avi, t10.avi and t15.avi, attached as Supporting Information) around the
interaction center plays major role in determining the adsorptive properties at the microscopic level. Comparing these data with the
various experimental results collected over the last 20 years, it is clear that a critical interpretation of these is now feasible. An un-
solved point in such discussion relates to the number of NH; molecules that a single Ti site is able to adsorb. The combined calori-
metric-EXAFS results from Bolis and coworkers showed as each Ti site host 2 molecules, with heats of adsorption ranging in the
50-100 kJmol™ range.44’45 Conversely, more recent results from Gallo ef al., obtained through vtc-XES measurements, showed as
single adsorption is preferred.46 As first comment, the calculated adsorption enthalpies reported in Table 2 correctly fit in the ener-
getic range obtained through calorimetry studies.**** Concerning the number of adsorbed molecules as derived by EXAFS or vic-
XES measurements, it is worth making some instrumental consideration on the two techniques. In both cases, intense synchrotron
X-rays beams represent the excitation source, thereby exposing the sample to a continuous energy input, particularly relevant in the
vtc-XES experiment performed at ESRF ID26, that used two independent undulators as photon source. The exposure time then
turns to be a critical parameter: the longer the exposure, the higher the energy transferred (few to several hours are were needed to
collect, with sufficient statistic, EXAFS*** and vtc-XES* spectra, respectively).
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Figure 4. AG (for the second NH; molecule desorption process) vs. temperature and pressure (expressed as logarithm of the ratio with payy)
behaviors computed for the three most stable T sites: T9, T10 and T15. The solid black contour line shows the AG = 0 kJ mol™" threshold,
i.e. where desorption turns favorable (AG < 0) further increasing the temperature or reducing the pressure.

Excluding the photochemical phenomena which occur, this energy is most probably converted to heat:” if the sample temperature
rises during the experiment, the weakest interacting adsorbates could be desorbed. Furthermore, the previous experiments were car-
ried out at a pressure lower than atmospheric (hereafter p,, = 101325 Pa), i.e. decreasing the stability of the Ti—-NH; adducts.
Thereby, the AG relation with temperature and pressure was considered. In detail, the Gibbs free energy for desorption of the se-
cond NH; molecule (i.e. inverting the process depicted in Equation 5) was computed as a function of temperature and pressure for
the three sites. The obtained trends are reported in Figure 4. The same observation previously based on the STP energetic only are
confirmed by this new dataset. T9 is definitely able to host two NH; molecules in a wide range of temperatures and pressures: at
Pam the desorption of the second ammonia favored only above ~450 K, whereas at RT occurs just at very low pressures (p < 10™
Pa). This suggests the double NH; adduct should survive to the measurement conditions experienced under a synchrotron radiation
beam. T10 instead presents a situation strongly unfavorable to a second adsorption: even at temperature significantly lower than
RT, the desorption AG for the second NH; molecule sticks to negative values. Furthermore, extrapolating from the trend the tem-
perature where AG is nil, a value of ~170 K, lower than the condensation temperature of gaseous ammonia (240 K),”' is obtained.
The same stands for pressure, as at RT (even at values close to p,m,) the second adsorption is not favored. Finally, T15 shows as the
desorption of the second NH;3 molecules turns probable at easily accessible temperature values, with its related desorption AG turn-
ing negative at a temperature of ~320 K at pqm or at a pressure < 10™ Pa at RT. The latter case, the Ti-(NH;) = Ti-(NHs), equilib-
rium could be displaced to the left-hand side by beam induced heating, especially when the data collection (vtc-XES) required the
use of high photon flux undulators (three orders of magnitude more brilliant than bending magnets used in most of the EXAFS
beamlines) and long exposure times. Apart from the determination of the bare adsorptive properties, the simulation of TS-1 adducts
with basic molecules could have a role in the correct determination of the relative stabilities of the various T sites. As already doc-
umented by Ricchiardi et al.,”® the presence of these bases coordinated to Ti (in the specific case, water molecules) affects the sta-
bility ranking computed in their absence. The capability to coordinate bases (which are ubiquitous in the synthetic environment of
TS-I)1 with a consistent energy gain (e.g. see Table 2) is thus a relevant parameter in the preferable insertion of Ti in a specific T
site. Considering the absolute energies upon double ammonia adsorption, the site ranking switches from T10 < T9 < T15 to T9 <
T15 < T10. The energy splitting among the sites sensibly increases too, with T9 being now 16.3 kJmol" and 29.0 kJmol™ more sta-



ble than T15 and T10 respectively. Furthermore, considering that T10 is reasonably able to host a single NH; molecule only, its en-
ergetic spread from T9 further raises to 80.9 kJmol™, a value suggesting its probable exclusion from the list of the most populated
sites. Such results suggest as (in a barely thermodynamic framework) keeping in account the presence of basic molecules in the
synthesis environment of TS-1 may significantly affect the Ti distribution among the sites. Surely this type of behavior requires fur-
ther investigation, taking into account the totality of the independent T sites.

4. CONCLUSIONS

The present study reported for the first time an accurate simulation of TS-1 with low Ti content (Si/Ti = 95) with a periodic, all-
electron B3LYP-D2 approach. The monoclinic structure of MFI, experimentally recognized to occur at low Ti loadings, was ex-
ploited in the calculations: all the 24 independent T sites were considered and ranked on the basis of their relative energies. The ge-
ometrical description of the system, considered in an averaged way, has a reasonable qualitative agreement with the experimental
data. Concerning adsorption properties, the key role of the local environment surrounding the Ti site has been highlighted. On the
contrary, the relative stability of the Ti sites does not significantly affect the adsorption strength. In particular, each of the five con-
sidered T sites is able to form stable NH; mono-adducts. Conversely, the adsorption of a second NH;3 molecule is strongly site de-
pendent. T9 fully allows the coordination of a second NH; molecule, with a stability similar to the first one. Remarkably, T4 and
T10 prefer a five-coordination, as the adsorption of a second NH; molecule is very unlikely to occur (even at temperatures lower
than RT and pressures close to p.m) according to the estimated AG. Moreover, T15 and T24 have an intermediate behavior and they
are able to coordinate two NH; molecules, but only when the temperature is lower than RT and the pressure is not significantly
lower than p,,. Finally, the different adsorption capability (in terms of stability of the TS-1-NH; adducts) of the considered T sites
points to reconsider the relative stability ranking, since the presence of adsorbed basic molecules could affect the Ti insertion in a
thermodynamic regime.
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