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Abstract

Dealumination of zeolites is a major issue in matescience and catalysis for decades, with
tremendous lack of knowledge about the moleculatesmechanisms involved. Considering
four relevant zeolitic frameworks (MOR, FAU, MFI,H3), we determine the formation
mechanisms of extra-framework Al species (EFAL)G%{)sH.O during dealumination, by
using periodic density functional theory (DFT) edétions including dispersion corrections.
We identify a rather universal mechanism based atemadsorption on the Al atom in anti-
position to the Brgnsted acid site allowing suceessAl-O bond hydrolyses until
dislodgement of the framework Al to a non-framewqsition. The determination of
Brgnsted-Evans-Polanyi (BEP) relationships for #ire dealumination pathway was
possible, despite degradation of the correlatioth wicreasing number of hydrolyzed Al-O
bonds. Moreover, we quantify the confinement effacting on EFAL species within the
zeolites cavities and show that this effect is asthermodynamic driving force for the Al

extraction.

Keywords
Zeolite, dealumination, extra-framework aluminurenfahedral aluminum, ZSM-5, SSZ-13,

Faujasite, Mordenite, density functional theory



1. Introduction

Zeolites, crystalline alumino-silicate microporousaterials possess interesting
intrinsic and post-synthetic features, such asr@ngtacidity, resulting from Lewis- (LAS)
and Brgnsted-acid sites (BAS).[1, 2] Additionallpeir thermal robustness and well
manageable pore sizes make them suitable candiftat@sdustrial reactions such as fluid
catalytic cracking, hydrocracking, isomerizationdaalkylation of various hydrocarbon
molecules.[3-7] However, one major topic in zeositathesis lies within the tailoring of the
shape, size and the connectivity of intra-framewahannels[8-17] since confinement
effects[18] and diffusion limitations can imposeves® constraints on the reactants,
intermediates and products.[19] Steam treatmenthefzeolite is conducted to introduce
mesopores,[20, 21] where by dint of Al-O and Si-@d breakings a partial hydrolysis of the
framework occurs. The removal of a certain numibdrydroxylated Al or Si species from the
framework leads to the formation of a moiety calkldnol nest where four hydroxyl groups
are expected to surround the tetrahedral void23P even if the lifetime of such silanol nest
is questioned.[24, 25] Such a silanol nest was eddled hydrogarnet defect.[26] Recently
Additionally, extra-framework aluminum (EFAL) andxtea-framework silicon (EFSI),
located within the cavities, are generated andiastuéxtensively in literature.[20, 27-38]
Several reports show that dealumination can besgieific.[36, 37, 39] In particular, NMR
and FTIR analyses on steam treated H-Mordenitedo@veal that Al is randomly distributed
over 4 and 5 membered rings (MR) and that a favaeslumination of T3 and T4 sites,
located in the 4MR takes place.[36, 37] At a mesprrscale, Weckhuyseat al. showed by
focused ion beam (FIB) and scanning electron moopyg (SEM) that steaming treatment of
ZSM-5 zeolite generates either surface mesopor@sitg treatment) or uniformly distributed
mesopores (severe treatment) where sinusoidal elsmrsre more susceptible to the

dealumination and hence mesopore formation comp@aresdraight channels.[32, 40] On a



steamed NEtY Agostini et al. were able to show that contrary to the generahiopithe
dealumination is not a high-temperature process thkes already place at moderate
temperatures (450 — 500 K). They also show the axppee of 30-35% of the total Al within
the sodalite cage.[28]

Considering the above mentioned experimental fgslione still missem situ and
operando approaches to reveal the atomic structure reagrapgt occurring during the
dealumination processes.[21] To gain atomisticgimsiinto the mechanism, some early
theoretical calculations have been used to desbolie the structure and catalytic properties
of dealuminated zeolites in presence of EFAL spgeciRuiz and co-workers for instance
examined the structure and energetics of aluminumptexes serving as models for
Bronsted-acid sites, without any explicit simulatiof the zeolite framework.[41] Their
results obtained by Hartree-Fock (HF) and MollkrsBet second order perturbation theory
(MP2) show that a transition from tetrahedral ttabedral Al occurs when the net charge of
the cluster is g = +1.The latter is 7 kJ/mol loweenergy. In order to analyze the structure
and coordination of some EFAL species (e.g" A(OH),", Al(OH)s), Bheringet al. used
density functional theory (DFT) calculations on l#ed~aujasite,[30] modeled by g Tluster,
and showed that monovalent cations prefer a bieipation whereas di- and tri-valent
cations are tetrahedrally coordinated with oxygema near the framework aluminum. They
also quantified the effect of EFAL on the Brensgamldity.[42] Periodic DFT calculations
were performed by Bencet al[29] By analyzing the dynamical behavior of the HFA
species (Al(OHXH.0); and AI(OH}(H.O) in Gmelinite, they revealed a localization
depending mobility of these aluminum-hydroxide tdus. In the main channel, both, the two
non-coordinated O molecules and the EFAL are mobile, whereas a or&twf hydrogen

bonds suppresses its mobility within the cage d@dBEFAL occludes the pore. They also



investigated the preferred location of the bar& Aln as EFAL within a periodic Mordenite
framework, and observed limited relaxation of tteerfework around this EFAL.[43]

Quantum mechanics / molecular modeling (QM/MM) aidtons were performed to
quantify the reaction energies for hydrolysis reans in the surrounding of T sites substituted
by various heteroatoms,[44, 45] but it is only vegcently that full mechanisms were
proposed fromab initio calculations to quantify both the thermodynamiosl &inetics of
zeolite hydrolysis reactions. The first periodic DEalculations including thermodynamic
and kinetic data and giving a first insight in tiiealumination and desilication mechanism
were indeed reported by Swasgal[46, 47] Employing H-Chabazite (SSZ-13) as zeolitic
model, they simulated the subsequent addition i fwater molecules leading to the
formation of a silanol nest and a an EFAL beingOXi)sH.O. In the same spirit they
analyzed the creation of an EFSI species Si¢OHeir first step, water adsorption on the
proton of a Brgnsted site, is followed by the fotiora of a vicinal disilanol (Si species) with
a relatively high energy barrier’£175 kJ/mol for the desilication, and=290 kJ/mol for the
dealumination. The origin of the strong energy cuogiht result from the strain in the 2MR
cycle of vicinal disilanols. Subsequently, and wiih addition of water, they suggested an
inversion of the molecular environment around {emta-coordinated Si species leading to
the first Al-O-Si bridge breaking. Again, this réiaa exhibits an energy barrier of €150
kd/mol and E=175 kJ/mol for the desilication and dealuminaticespectively. Subsequent
hydrolysis steps by the successive addition ofwater molecule at each step finally lead to
the formation of an EFAL or EFSI and silanol nest.

Inspired by these pioneering DFT studies, recentdyexamined the reactivity of several
T sites belonging to various zeolitic frameworke, MOR, FAU, MFI and CHA, by periodic
calculations based on density functional theory {p&ugmented with a dispersion term[48]

(DFT+D2) which were supported by hybrid MP2:DFT+Balculations.[49] We found a



general pathway for the initiation of dealuminati@imst Al-O bond breaking, Figure 1-a),

which consists in:

- water adsorption on the Al atom in anti-positiontbh@ Brgnsted acid site, forming a
penta- coordinated Al species (when the Al-O bandriti to the water molecule remains,
even if weakened) or tetra-coordinated Al specidseq the Al-O bond in anti is broken),
called I0(1HO).

- a subsequent 1,2-dissociation of water on adjaéemhework oxygen with axial
substitution of the silanol group (in the case obipyramidal Al, obtained upon
adsorption of water in anti-position to the Brgdsteid site), leading to the 11(26)
intermediate. If the previous step did not breaé& A-O bond in anti to the adsorbed
water molecule, the present step leads to theAlr§(H) bond breaking. Rotation of OH

groups then occurs for a stronger hydrogen-bonaar&t(12(1HO) species, Figure 1-a).
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Figure 1. a) Anti attack of a water molecule (n = 1) on anafom in anti-position to the BAS (10(1B))
followed by a 1,2-dissociation with axial substibut via a transition structure composed of a fowmhered
ring (TS1(1HO)) giving rise to 11(1K0). Establishing a hydrogen bond between the nevdgted BAS and a
silanol, via a proton rotation (TS2(38)), leads to a more stable intermediate 12QH b) Anti attack of a
water molecule (for n = 2) on an Al atom in antisgtion to the BAS (I0(nkD)) followed by: (bl) a 1,2-
dissociation with axial substitution via a trarsitistructure composed of a four membered ring (1919))
leading to 11(2HO), (b2) 1,2-dissociation with equatorial substitotvia a transition structure composed of a
four membered ring (TS2'(28)) leading to 1'2(2K0). The difference between the (b1) and (b2) roigdake
nature of the Al-O bond broken, depicted in lightebin the transition structures.



The energy barriers required are much lower tha ahes reported earlier by Swaag
al,[46] who recently showed that such mechanisms pgdkrough water molecules adsorbed
on Al atoms are also very relevant for the dedilicaof SAPO-34.[50, 51] Beyond that, we
were able to generalize this initiation mechanierthe various sites of all zeolite frameworks
investigated so far. We also revealed a Brgnsteh&Polanyi (BEP) relationship between
the energy barrier relative to TS1 and the reactioergy to the first intermediate (I11). Based
on the insight gained on the initiation of the deahation process, here we address the
propagation of Al-O bond breaking, up to the forimatof EFAL. Does this mechanism
discovered for the initiation step also apply t® thubsequent elementary steps of the
dealumination pathway? Do more favorable altereapathways exist once the first Al-O
bond is broken? How do the energy barriers evolnetie course of the dealumination
pathway? Is there an impact of the zeolite framé&vaor the mechanism and on the stability
of the resulting EFAL? To answer these key questiare report in the present work periodic
DFT+D2 calculations, aiming at establishing the pate reaction path (intermediates and
transition structures) for the genesis of EFAL etesal sites of MOR, FAU, MFI and CHA.
We investigate the specific case of Al(QH).0), as EFAL species, resulting from the
interaction of four water molecules with the AlesiOnce the first Al-O bond is broken and
the Al atom becomes more flexible in terms of dual changes, alternative pathways are
investigated. We also look at Brgnsted-Evans-PoldB¥P) relationships. Finally, we
consider confinement effects on EFAL species withia zeolites cavities, with the aim to
find out if the stability of the final dealuminatigproduct has an impact on the regioselectivity

of dealumination.



2. Methods

2.1. Structure Optimization

Structure optimizations have been performed by Wienna ab initio simulation
package VASP.[52-54] A plane-wave basis set usihg projector-augmented wave
(PAW)[55] has been employed and the gradient ctetkexchange correlation functional of
Perdew, Burke and Ernzerhof[56] (PBE) is used. Moee, a semiempirical f/rterm,
parametrized by Grimme (D2),[48] is added to thé&eRBnctional to account for dispersion
forces (PBE+D2). We checked that energeties wenecity described by comparison with
hybrid MP2:DFT+D2 calculations performed with QMPat, 58] (see ref. [49]). Van der
Mynsbruggeet al. analyzed in detail[59] the reliability of differerapproaches (cluster,
periodic boundary conditions) and functionals. THeuynd that adsorption enthalpies of
water, alcohols and nitriles, calculated by the HEBE functional and applying periodic
boundary conditions, are reasonably consistent @xiberimental data. Goltl et al. made the
same observation for hydrocarbon adsorption in G&04.

For cell optimizations on pure silica zeolites (utng ionic positions and cell
parameters), a 1x1x1 unit cell was used for FAUACAhd MFI and a 1x1x2 unit cell for
MOR. This latter has been done since the cell paranc = 7.40 A is too small to minimize
the lateral between periodic images of the aciéssiénd the extra-framework species
appearing during the demetallation. All calculatiavere performed at tHepoint. The cutoff
energy for the plane-wave basis is set to 800 aVttie full cell relaxation of siliceous
zeolites. This setting avoids problems relatech®ihcompleteness of the plane wave basis
set with respect to volume variations (Pulay S)teEbe obtained unit cell parameters (see
Supporting Information S1) for the siliceous zexditwere kept unchanged after substitution
of Al for an Si. Furthermore, a proton serving asirter ion was connected to a framework

oxygen atom. For all further calculations, the afitenergy is set to 400 eV. The electronic



optimizations were done up to a convergence of $x40 for the self-consistent loop and
until all forces on atoms are lower than 0.02 eVHeaction energiedE are defined
according to equation 1.

AE = Eeo-nwater— Ezeo— NEvater (1)
With Ezeo Ezeo-nwatenand Euaterbeing the energy of the zeolite, the adsorbed teen(water)
system and the water molecule, respectively (hesnumber of adsorbed water molecules per
unit cell, thus per Al atom). Thus, the non-hyddaeolite cell serves as reference for all

calculations.

2.2. Localizing transition structures

Starting with the optimized initial and final sttuces, an initial reaction path
comprising 8 or 16 images, depending on the conitylex the analyzed reaction, is created.
For this either a linear interpolation or, for cde reactions, an interpolation scheme
involving both Cartesian and internal coordinateswsed, using the string method.[61] In
the latter case, the software Opt'n Path develbydelaul Fleurat-Lessard[62] was employed.
In a first attempt, a first Nudged Elastic Band @yEnethod run is carried out.[63] For this
the cut-off energy is set to 400 eV and the el@dtrgtructure optimizations is conducted up
to a convergence of 1xP@®V for the SCF cycle and until all forces are lotean 0.02 eV/A
per atom. Since generally, even a large nhumbepmt isteps (~500) does not result in a
converged reaction path, fulfiling the above men#id criteria, the optimization is
interrupted after 200 ionic steps. For some reastidhis approach is sufficient and the
highest energy image is subsequently subjectedjt@si-Newton optimization algorithm[64]
having the same convergence criteria as the NEBulsdion, followed by a vibrational
analysis in order to check the existence of onlg argative frequency along the reaction

coordinate. For this purpose, the same convergeritegia as for the NEB calculation have



been employed with a displacement of +0.01 A irhedicection, in order to stay within the
harmonic approximation. However, it is not possibdeeliminate all but one imaginary
frequency. Nevertheless, the residual spuriousuéreges are very low and correspond to
modes of the zeolitic framework without implicatiohthe reaction center. For more complex
reactions, where the transition structures couldoecfound by a first NEB run a subsequent
NEB with 8 images between the two structures enwpthe supposed transition structure is
carried out. For some specific cases where the t@tibn of two NEB steps did not result in
any satisfactory transition structures, an improlauer[65] calculation was performed after

the first NEB run, starting from the highest enepgynt.

3. Results

3.1. Dealumination pathways including four HO molecules leading to an EFAL
(AI(OH) 3H0)

In each case, four water molecules were takendatwideration and added successively to
create one tetrahedral EFAL of the type AlI(GHPO as well as a silanol nest, where four Si-
OH groups surround the vacancy left behind by #rmaaval of the aluminum atom. Some
relevant structures discussed below are reporte8uipporting Information S2, and their

energies are given in Supporting Information S3.

3.1.1 Mordenite

The T404 site was chosen for the investigatiorhefdealumination in Mordenite (see Figure
S1 in Supporting Information for the terminologytbé sites). The aluminum atom is located
in the wall of the 12MR. This T site was chosenacading to experimental data of Mullet

al. stating that the extent of dealumination incrdaséh the number of Brgnsted acid sites

being in interaction with framework oxygen atomg[@6d of van Geenret al. showing that

10



the T sites located in the 4MR are the first told®@nate.[37] We firstly transposed the
mechanism found for the initiation of the reacti@s, reported in our previous paper[49]
which is an 1,2 dissociation with axial substitatiddy axial substitution, we refer to the
leaving group, i.e. the silanol in anti-positiontte water molecule to which the Al atom is
initially connected to the framework. Then, we istigated alternative mechanisms once the
reaction is initiated (n>1, with n= number of reagt water molecules). For MOR, the
relevant intermediates are depicted in Figure 2, ftll energy diagram being plotted in
Figure 3. Additional structures (in particular: rsition structures) are given in Supporting

Information S2.

Pathway where 1,2 dissociation with axial substitubn occurs at each step

Since the importance of the first water attack lo@ aluminum atom has been described in
detail in our previous paper[49], we only recak tlinderlying mechanism (Figure 1-a) and
focus more on the evaluation of complete reactiath gFigures 2 and 3) leading to the
extraction of an Al atom from the zeolitic framewao an extra-framework position.

1H,0

The first water molecule is adsorbed (witk = - 67 kJ/mol) on the Al T4 site via an Al-
O(H,) bond of 2.14 A, and one short hydrogen bond (Ap&ith O4 atom. Water remains
located in the 12MR in anti-position to the Brogdséeid site where the initial tetrahedral Al
atom exhibits now pentahedral coordination. Uposogation, the AlI-O(H) bond increases
from 1.90 A to 2.12 A. Experimental analyses based’Al MAS NMR suppose that penta-
coordinated (trigonal bipyramidal) or tetra-coomtied (distorted tetrahedral) Al species are at
the initiation of the aluminum dislodgement fromethzeolitic framework.[28, 31]
Subsequently the water molecule is split on ancadjgframework oxygen atom via a 1,2-

dissociation with axial substitution (Figure 2).rassing a transition structure (TS160H)

11



composed of a four membered ring €100 kJ/mol) leads to intermediate 11603 (AE =

26 kJ/mol). The first AI-O(H) bond is definitivelyroken since its length becomes 3.19 A.

» R <<<‘ o Al
7 \\ ) E—,// ‘ o Si
0d y e 0
\\v
@
> , //&
- }}« S #H;0 %\X 12(2H20)
/ j D L{;
S N §\ — % &/ - = 3
10(1H,0) 11(1H,0) 12(1H,0) 0EHL0) N 3
12’(2H20)

(c) ; 2 A\

) ) ) ) ¢ ] (
R

+H20 /// / LH/ //‘< H+H20 J) HF N R

\:}J I\ _Vx\z\/wj7 \

12(2H,0) IO(SHZO) I2(3H,0) 10(4H,0) ‘>

(d) cAw f—,, \
\}i‘ Ye=ts, ) S E \/' \ 3 —/
/+ \
Hz _, // +H2 \\ / .
3 N\ 3 \ 7, "Q’\Q decoordinated EFAL
) \\ B “\\ //
12°’(2H,0 10°(3H,0O I2°(3H.0O
R (GH0) (3H:0) 10’(4H,0)

Figure 2. Reaction intermediates for EFAL formation startfirgm the T404 site in MOR. The terminology is
the same as in figure 3, as well as the color ¢odither of them is given in Fig. 3, moreover, ttyipe of info
should be given in the first figure in which it aaps) (a) 1,2-dissociation with axial substitutieading to
12(2H,0), (b) 1,2-dissociation with equatorial substibutileading to 12'(2H0). (c) further transformation of
12(2H,0), by 1,2-dissociation with axial substitution ¢gans, (d) further transformation of 12'(28), by 1,2-
dissociation with equatorial substitution reaction&ll corresponding TS structures are reported in
Supplementary Information S2.
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Figure 3. Energy profiles with energy barriers of the twasgible dealumination pathways of the T404 site in
H-MOR including four water molecules and leadingato EFAL Al(OHXH,O. The structures of the relevant
intermediates are reported in Figure 2, that oftthesition structures in Supporting Informationr Ehe sake of
clarity, the number of water molecules was omittedhe name of intermediates and transition stmestubut
they are shown on the x-axis.

A weakly activated proton rotation of the newly atedd BAS (E = 4 kJ/mol) gives
rise to a more stable intermediate 12CH (AE = -38 kJ/mol) due to the presence of a
hydrogen bond between the proton and the oxygem afothe silanol group. The distance
between the tetrahedrally coordinated pre-EFAL thiedoxygen atom of the former BAS has
increased further to 3.34 A. Moreover, the pastiaislodged pre-EFAL points towards the
12MR. With increasing amount of water, the pre-EFRAill become more flexible due to the
decreasing number of Al-O bonds binding it to tfarfework.

In the present section, subsequent Al-O hydrolgsesconsidered to follow the same
pattern, i.e. water adsorption on Al in anti-pasitto the BAS followed by a 1,2- dissociation
of the water molecule with axial substitution andbtation of the proton in order to establish

a hydrogen bond with an oxygen atom of a silangufe 1-b1).

2H,0
Adsorption of the second water molecule on alumiriase = - 106 kJ/mol) leads to 10(28)

exhibiting a penta-coordinated Al with an increaséhe second Al-O(H) bond (to be broken)
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from 1.87 A to 1.98 A and an oxygen-aluminum bordween the water molecule and the
framework aluminum of 2.13 A. For the second Al-@diolysis, the analogous 11(268)
intermediate has not been identified while the PBRO) transition structure was found: the
latter TS involves the Al-O bond breaking and thietgn rotation at the same time. The
corresponding reaction barrier for this Al-O bormédking is as high as 106 kJ/mol, thus a
value slightly higher than the one of the firsipsti leads to 12(2kD) (AE = -37 kJ/mol, very
close to 12(1HO)) with an Al-O bond length of 2.89 A between #hleatom and the oxygen

atom of the silanol.

3H,0

A third water molecule is needed to enable the AdgD hydrolysis giving rise to the an
hydroxylated Al(OH) EFAL species which is linked to the framework byeaesidual Si-O
bond, 12(3HO). Upon water adsorption on aluminuix& = - 95 kJ/mol) the Al-O(H) bond in
I0(3H,0) increases from 1.93 A to 2.04 A and leads tdgonal bipyramidal coordinated
EFAL precursor with an Al-O bond of 2.12 A betwedre oxygen atom of the water
molecule and the Al atom. A subsequent 1,2-dissociaf the water molecule results in the
intermediate 11(3kD) (AE = 7 kJ/mol). No TS1(34D) distinct from 11(3HO) could have
been identified but only TS2(38) leading to 12(3K0) (AE = - 20 kJ/mol). The effective
energy cost required to form 11(38) is E" = 104 kJ/mol (very close to the previous reaction
barriers). The last Al-O bond is broken (3.49 Ayuiting in a trigonally planar Al(OH)
EFAL and a silanol nest composed of 4 silanol gsoegtablishing hydrogen bonds with each
other and the framework. The EFAL is still connecte one oxygen atom (A" = 1.97

A) of the silanol nest.
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4H,0
Although only three water molecules are neededrtingly displace the framework Al to a
non-framework position a fourth molecule is adsdrloe Al in anti-position to the BAS
(AE = - 76 kJ/mol) leading to a trigonal bipyramidd(OH)3;H.0, 10(3H0) intermediate,
where the EFAL is still coordinated to the framekvarith Al-O™™M"°* and Al-0"**" bond
lengths of 2.13 A. In a last step, the EFAL is aedinated (with Si-O bond breaking) giving
rise to a tetrahedrally coordinated Al atom residimthe 12MR AE = - 68 kJ/mol) with three
Al-OH bonds of length 1.74 A, 1.73 A, 1.74 A andeohl-0"**"bond of 1.96 A. To evaluate
the energy cost for this last step, the positiothefdecoordinated EFAL was constrained at
the center of the 12MR channel such as interactwith the zeolitic framework are
minimized. The corresponding energy cost is verydeso (+8 kJ/mol) with an activation
barrier of +25 kJ/mol. The EFAL stability is thebgect of a more detailed study devoted to
the confinement effect on EFAL species in sectig 3

From this analysis achieved on the T404 site ofddaite, it can be concluded that
the transposition of the mechanism found as masirédle for the first Al-O bond breaking,
(e.g. water molecule adsorption on Al in anti te BAS, followed by 1,2 dissociation with
axial substitution), leads to the formation of tEAL species without significant change of
energy barriers (100-106 kJ/mol) along the firsthy&rolysis steps being thus equally
kinetically limiting. The fourth hydrolysis step far less energetically demanding than the
others. However, in the course of our transitioructire sampling, we found that an
alternative pathway could be possible for n > 1,icwhis presented in the following

paragraph.

Alternative pathway for n(H,0O) > 1 :1,2 dissociation with equatorial substituton
For water amounts h 2 and thus once the first Al-O bond is hydrolyzee, found

that a less activated reaction path is possible.firkt step for the underlying mechanism for
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n(H.0) > 2 is still a water adsorption on Al in anti-positito the BAS. However, it is now
followed by a 1,2 dissociation on an adjacent fraor oxygen atom with equatorial
substitution as shown in Figure 1-b2 and FigurBy2equatorial, we refer to the bond which
is broken in TS2’, starting from the bipyramidal/Ah 10(nH,O) (Figure 1). Energetics are
compared with that of the previous mechanistic eaqa in Figure 3.

It has to be stressed out that this mechanism ti@pylicable to the initiation of the
first Al-O bond breaking (this was checked) duehe rigidity of the framework around the
aluminum atom. Since it is connected through fourOAbonds to the framework an
equatorial displacement of Al, inducing adjacemudural constraints, e.g. O-Si-O bond
angles, this alternative mechanism is not possibtehence only an axial substitution for the

first Al-O hydrolysis can be envisaged.

2H,0

The aluminum-water complex 10(28) serving as starting point for the second Al-O
hydrolysis is the same as for the 1,2 dissociatuith axial substitution (adsorption of the
water molecule in anti to the newly formed BAS)s#bsequent water splitting on an adjacent
framework oxygen atom with equatorial substitutiten TS2'(2HO) (E* = 94 kJ/mol) leads to
12'(2H,0) with AE = -56 kJ/mol. At the same time, the involved AlbOnd increased from
1.77 A to 3.26 A depicting the second hydrolysismMsen the pre-EFAL and the framework.
Comparing 12(2HO) with 12'(2H0), the latter product is about 20 kJ/mol more Istaloie to

a hydrogen bond with a more polarized oxygen atérthe hydroxyl group of the EFAL
precursor compared to the oxygen atom of the dilgraup. The energy difference between
TS2 and TS2' has a similar value of 22 kJ/mol, ®stjgg that a Brgnsted-Evans-Polanyi

(BEP) relationship may exist.
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3H,0
Water adsorption on AIAE = -109 kJ/mol) increases the AI-O(H) bond fror87LA to
1.98 A resulting in a trigonal bipyramidal aluminwwomplex with a second apical A"
distances of 2.13 A. By a subsequent water sgjittin the last adjacent framework oxygen
atom holding the EFAL precursor coordinated to fremework (E = 85 kJ/mol for
TS2'(3H,0)) the Al atom is dislodged from a framework to@n-framework position in
12’(3H.0) (AE = -86 kJ/mol). Here again, the kinetics of thisamanism with respect to the
previous one seem to be driven by the thermodynamaxpected from BEP concept.
However, as in the preceding mechanistic approbhehAi(OH); species is not yet
decoordinated from the zeolitic framework but re@mabounded to a silanol (A8 =
1.93 A). At this stage, two observations can be ena() the reaction barriers for the 1,2
dissociation with equatorial substitution compa®@a 1,2 dissociation with axial substitution
decrease with increasing amount of water and (igtranger stabilization of 12'(rii@D)
compared to 12(nkD). Both thermodynamic and kinetic effects are tbasnected by BEP
relationship and are likely related to supplemegntaydrogen bonds between the proton of a
silanol and the oxygen atom of an hydroxyl grouphef EFAL-precursor and the final EFAL,

which are absent during the 1,2-dissociation wiialasubstitution.

4H,0

Due to the interaction of the EFAL species Al(@Mjth an oxygen atom of a silanol the
adsorption of a fourth water moleculaH = - 154 kJ/mol) leads to a penta-coordinated
hydroxy-aluminate with apical Al-8™"*and Al-0"*® bond lengths of 2.06 A and 2.13 A,
respectively. Decoordination of Al(OkH.O leads to the same finale state as for the 1,2-
dissociation with axial substitution. However, dodhe significantly stronger stabilization of
10'(4H,0) induced by supplementary hydrogen bonds anchggroAl-d@™e"°® hond, this

last step is more energetically demanding£ 78 kJ/mol)) than for the previous mechanism.
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In the framework of this alternative pathway, bensiare lower for & 2 than in the
previous one except for the very last decoordimasitep, and the first step becomes the rate
limiting step of the overall EFAL formation. At thistage, it remains difficult to conclude
which one of the two mechanisms is preferentiatjofved in MOR. The additional energy
barrier for the decoordination step compensates there favorable kinetic and
thermodynamic parameters of the previous steps.

Because a detailed description for the 1,2 disooiawith axial or equatorial
substitution was conducted in Mordenite and theedgohg mechanism is transposable to the
other T sites of other zeolites included in oudgtuve will detail in the following the most
favorable pathway allowing a combination of both chremisms in the course of

dealumination.

3.1.2 Chabazite

The Chabazite structure contains only one inegentatetrahedral site, with four
different oxygen positions giving four possible Bsged acid site configurations (Supporting
information S1). For our mechanistic investigatioe, chose the T103 site, where the proton
resides on an oxygen atom belonging to two four-bemed and one six-membered ring.
Contrary to the other three proton positions tmatadl part of the 8MR window, the proton at
O3 can interact via intrazeolite hydrogen bond83 2, 2.62 A, 3.19 A) with oxygen atoms
of a six-membered ring. This choice was inspirecgkyerimental findings obtained on other
zeolites (MFI, Beta, Mordenite) for which it wasppsed by dint ofH-NMR spectra that the
extent of dealumination increased with the numbieBransted acid sites being in interaction
with framework oxygen atoms.[36] Figure 4-a repdhe energy diagram discussed in the

following.
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including four water molecules and leading to alERAI(OH) ;H,O. b) Reaction pathway at T103 in H-CHA

at 3H,0. The pre-EFAL undergoes a 90° rotation followgdabconcerted proton jump leading to the formation
of an AI(OHY, (pink: Al; red: Si; yellow: O; pink: Al; white: H)Blue dashed lines depict directions of O-H bond
formation and breaking.

Preferred pathway for n(H,O)=1 and 2 : 1,2 dissociation with axial substitutn

The initiation of the first Al-O bond breaking agaiakes place via a 1,2-dissociation

of the water molecule adsorbed in anti-positiorthte BAS, with axial substitution, as for

Mordenite. In the case of Chabazite, this resulthé lowest reaction barrier{E 76 kJ/mol)

found for all our investigated T sites.[46, 47] Pis hardly predictable local structure effects

(e.g. T-O-T angles) occurring during the dealumoraprocess and hence making structure-

activity

barrier

relationship difficult to anticipate, a g&ible explanation for this low activation

might be the presence of an intra-zeolydrdigen bond, with a more polarized

framework oxygen atom bond to the Al atom. While tatter is absent for the T404 site in
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H-MOR, its presence at T103 in H-CHA tends to diabiTS1. In addition, this trend follows
the BEP relationship between TS160H and 11(1HO).[49]

Contrary to the second Al-O bond breaking at T4Q¥iIMOR, which takes place via
a 1,2-dissociation with equatorial substitution,TdiO3 in H-CHA a 1,2-dissociation with
axial substitution is still the preferred pathwag. discussed for MOR, this might result from
the local structure occurring during the dealumaoraprocess and hence the resulting intra-
zeolite hydrogen bond network. At 12(28) (AE = - 52 kJ/mol) three hydrogen bonds exist
between a proton and an oxygen atom of (i) a dijiip a hydroxyl group of the EFAL

precursor and (iii) the framework bound to the &dm.

Alternative pathway for n(H.O) > 2: occurrence of proton jumps

3H,0

Transposing the two previous reaction mechanismghenhird Al-O bond breaking, via 1,2-
dissociation with equatorial or axial substitutiafid not lead to the identification of an
12'(3H20). In addition, to form the intermediate 12(3B) , a relatively high reaction barrier of
E* = 154 kJ/mol for TS2(34D) has to be overcome in order to give rise to BAIEspecies
of the form Al(OH}. However, this kinetically unfavoured reactiontpaain be bypassed due
to the local configuration of the EFAL precursoill sittached to the framework and the
resulting silanol nest upon partial dealuminationl3(H,O) the precursor can undergo a 90°
rotation around one Al-O bond axis keeping the ERgecursor attached to the framework
(IR(3H20), Figure 4-b) so that a proton of the initialigsarbed water molecule on Al can
establish a hydrogen bond with an oxygen atom sifamol, and at the same time the proton
of the silanol group displays a hydrogen bond witihamework oxygen atom attached to Al.
The first step of this process is an Al-O(H) boneaking (E = 32 kJ/mol, Figure 4-b)
followed by a rotational movement of the EFAL pnemr along the Al-O axis leading to the

intermediate described above. This is followed by cancerted proton jump
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Hater_, gstanejyetanel, gframework (g = 29 kJ/mol, IR-TS(3ED)) leading to an Al(OH)

adsorbed on an oxygen atom of a silanol (ARt = 1.93 A).

4H,0
As for the case of Mordenite, due to the coordid&EAL species on a silanol, a fourth water
adsorption AE = - 112 kJ/mol) results in a penta-coordinatedrbyy-aluminate with apical

Al-QMmewerkand Al-0**®" bond lengths of 2.11 A and 2.12 A, respectively.

In summary for Chabazite, an alternative routelead to significantly lower barriers
to be overcome for high hydroxyl content. Howe\be rate limiting step is the second Al-O
dissociation (E =114 kJ/mol), with a barrier higher than in MORhexeas the first one is
moderately activated as compared to MOR (and atbelites as described subsequently). As
previously discussed in for the initial step of first Al-O bond breaking,[49] we confirm
that the overall mechanism proposed here on this lbhsthe water anti addition is more
favorable from an energetic point view (energy ieas) than the previous one proposed in the

literature.[46, 47]

3.1.3 MFI

The T sites chosen for the mechanistic investigaitioMFI| type zeolite is based on
experimental findings by Karwaclkat al. showing by dint of FIB and SEM analyses on
steamed ZSM-5 that sinusoidal channels are moreeptible to the dealumination than
straight channels.[32] Therefore, we envisaged ftiilowing T sites as representative

examples (Figure S1):
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- T304: located in the intersection region betwsimnisoidal and straight channels. On this T

site, the BAS proton points in a small cavity dégphg intra-zeolite hydrogen bonds with one

oxygen atom bound to the Al (2.18 A) and two frarognoxygen atoms (2.37 A, 2.97 A).

- T1002: located in the sinusoidal channels. Thagor at T1002 displays only one intra-

zeolite hydrogen bond with a framework oxygen atgriength 1.70 A.

- T1103: located in the straight channel. The pro& this T site is in interaction via a

hydrogen bond with two framework oxygen atoms ofjté 1.89 A and 2.36 A.

Figure 5 summarizes the reaction paths of these tfir sites, where the envisaged

mechanism for the EFAL formation is a 1,2-dissacratwith axial substitution for the first

Al-O bond breaking and for the subsequent ones zadissociation with equatorial

substitution, which exhibit the most favorable mtediates and transition structures. In what

follows, we explain the main observed differencesMeen the three sites, occurring along the

pathway, and do not give a detailed mechanisticrgesn for each step which has already

been done for Mordenite and is transferable tdvkéframework.
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Figure 5. Energy profiles and energy barriers for the prefgérdealumination pathway of the of the T304

(intersection between straight and sinusoidal chbjn T1002 (sinusoidal channel) and T1103 (sttaigh
channel) site in H-MFI including four water moleesiland leading to an EFAL Al(OkH,0.
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1H,0
Upon water adsorption, small differencesE(~ 10 kJ/mol) in the adsorption energy are
observed. The strongest adsorption is observed3¥®4 AE = -70 kJ/mol, Figure 5) which
is explained by an intra-zeolite hydrogen bond vatframework oxygen atom linked to Al
and two hydrogen bonds established between the watiecule and two framework oxygen
atoms in close vicinity (2.48 A, 2.34 A) as illustied in Figure 6a). In contrast, a more
pronounced energetic difference is observed fofiteeAl-O bond breaking and the resulting
intermediates 11(kD) as well as the corresponding reaction barriesking the T site T1002
as an illustrative example, in the resulting pesdardinated Al atom after water adsorption in
anti-position, a strong hydrogen bond between aopromf the water molecule and a
framework oxygen atom is formed (1.76 A, Figure)6-a

Such a short hydrogen bond is absent in the oterTt sites. Moreover, the proton
located on T1002 is the one being split on an atjgframework oxygen atom to initiate the
first AI-O hydrolysis and thus explaining the highectivation barrier due to the energy
needed to break this hydrogen bond. Additionalig teaction barrier and the stability of
I1(H20) are dictated by hydrogen bonds between the pmitthe silanol (leaving group) and
an oxygen atom linked to Al. This feature as weslltlae absence of a strong hydrogen bond
upon water adsorption between the water moleculeframework oxygen atoms explain the

lowest reaction barrier and highest stability dH4O) for the T304 site.
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Figure 6. a) Water adsorption on Al in anti-position to BA®(1H,O), b) structures of 10(2JD),
¢) corresponding transition structures TS2'{@land d) transition structures TS2'(Zp) in MFI type zeolite at
T1002 (sinusoidal channel), T304 (intersectionaapiand T1103 (straight channel). Bond lengths myiveA
(pink: Al; red: Si; yellow: O; pink: Al; white: H).

2H,0
Despite the presence of two hydrogen bonds (1.72.0% A) between the water molecule and
framework oxygen atoms, water adsorption at theOR2L8ite is athermic which was only

observed for this particular sitAE = 0 kJ/mol), whereas the T304 and T1103 sitgslais
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strong adsorption energies ME = -54 kJ/mol andE = -97 kJ/mol, respectively, resulting in
very favorable 12(2k0D) intermediates. This illustrates the complexity predicting the
stability of intermediate species formed during tlealumination. Two reasons explain this
result (i) a very unusual Al-O-Si angle of 177° hvia Si atom as nearest neighbor which
results from the water adsorption on Al and (i tonstrained EFAL precursor induced by
the local zeolitic framework, i.e. the hydroxyl gmof the precursor displays twd &t
oframewerk interactions of 2.85 A and 2.67 A which are thers#st found amongst all
intermediates (Figure 6 b)). These are most cdytéie major effects which destabilize the
EFAL precursor at the T1002 site compared to tredther I0(2HO) intermediates.

In the subsequent AI-O hydrolysis steps, the T1®®@@ passes through a highly
instable transition structure compared to the Ta@d T1103 sites which is explained by the
local structure of TS2'(2kD). Two short hydrogen bonds of 1.61 A and 1.63 A204 and
one hydrogen bond of 1.23 A at T1103 stabilizetthssition structure, i.e. the silanolate, at
these two sites. At T1002 such stabilization is achieved, due to the two significantly
weaker hydrogen bonds of 1.94 A and 2.20 A, rasylin a highly unstable transition
structure (Figure 5). However, once the local aamsts at T1002 —present since the

adsorption of the second water molecule and in $R0) — relax, all three intermediates

12’(2H,0) result in energetically comparable structures.

3H0

The strongest adsorption is found for TLOQE & -140 kJ/mol) in the series of these three T
sites displaying hydrogen bonds with two framewaxkgen atoms of length 2.54 A and 2.19
A. As for the second Al-O bond breaking, at TLO®2 stronger bonded proton is the one
being transferred to an adjacent framework oxygemaand thus explaining partially the

high activation barrier. Additionally, in TS2'(38) a hydroxyl group of the EFAL precursor
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comes in close proximity with two framework oxygemoms with (ParoxLgframework

interactions of 2.73 A and 2.77 A. As this shortygen-oxygen interaction (presumably
repulsive) is absent in TS2'(38) on T304 and T1103, the corresponding activabamier

are lower than for T1002 (Figure 6 d)).

4H,0

Upon the exothermic adsorption of the fourth wataplecule, a penta-coordinated
Al(OH)3H,0 still in interaction with an oxygen atom of aasibl group is formed. In this last
step, the decoordination of the EFAL species reveither endothermic values or exothermic

ones depending on the sites but they are not kalstidetermining.

According to our analysis, it appears that the T34 located at the intersection of
straight and sinusoidal channels exhibits the srsa#nergy barriers {E86 kJ/mol) whereas
T1002 located in the sinusoidal ones exhibit thghest ones (E161 kJ/mol). T1103
reveals an intermediate profile*#14 kJ/mol). This result thus confirms the regiestvity
observed for the initial activation step (n = le seference [49]), so that we can expect that

dealumination is sensitive to the site location.

3.1.4 FAU

The framework of Faujasite contains only one inegjent T site resulting in four
proton positions. According to Neutron Powder Rifftion studies of D-Y and H-Y zeolite
samples Czjzekt al. found the preferred proton positions for the Odl &8 site where the
highest occupation of protons was at the O1 shi¢.J®iese proton sites were then considered
in our mechanistic investigation. The proton bowodO1 points in to the super cage and

displays an hydrogen bond with an oxygen atom tinte@ Al (2.34 A), it will lead to an
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EFAL in the sodalite cage. Symmetrically, the protocated at O3 is oriented towards the
hexagonal prism and in interaction with two framekvoxygen atoms (2.62 A, 2.59 A) and
will lead to an EFAL in the supercage. Figure 7 panes the energy profiles for the preferred

pathways found for these two T sites.
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Figure 7. Energy profiles and energy barriers along the uteadation pathways of the T103 and T103 site in
H-FAU including four water molecules and leadingatoEFAL Al(OH%H,0.

1H,0

As for the previous zeolites, after water adsorptia Al in anti-position to the BAS, the first
Al-O bond breaking takes place via a 1,2-dissaomtdf the water molecule with axial
substitution. The corresponding energy barriers88rkJ/mol and 98 kJ/mol for the T103 and
T101 sites respectively, which are in the samerasflenagnitude as the other investigated T
sites. Again, the small differences between thermediates and transition structures result

from the interplay with a different hydrogen boretwiork occurring during hydrolysis.

2H,0
The differences in the adsorption energies of TI@AQE = -45 kJ/mol) and T103
(AE = -79 kJ/mol) upon the second water adsorptiomgain due to the different local

hydrogen bond network and the topology of the twitial oxygen positions. While in the
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case of T101 the water attack on Al in anti-positiakes place in the sodalite cage, for TLO3
the water molecule is located in the super cagenugdsorption on Al. However, upon
hydrolysis of the second Al-O bond the mechanisifierd While the reaction on the T101
site takes place via a 1,2-dissociation with agidstitution (E = 100 kJ/mol), the preferred
mechanism for the T103 site is via a 1,2-dissammtvith equatorial substitution {E 98
kJ/mol). At this stage it is important to know, thiae second Al-O bond breaking on T101 is
also possible via a 1,2-dissociation with equataidostitution AE(12'(2H,0)) = -8 kJ/mol,
data not shown) however the corresponding readtéorier is at about = 130 kJ/mol and

thus, based on the kinetics of the reaction thikvpay was not further considered.

3H,0

Upon water adsorption in anti-position a pentaheddh species is formed with
AE = -74 kJ/mol and\E = -128 kJ/mol for the T101 and T103 site, regpebt. In the
subsequent and last Al-O hydrolysis leading to &AIE AlI(OH)3 the reaction pathways of
both T sites occurs via a 1,2-dissociation withaqual substitution and with an activation
barrier of 94 kJ/mol for the T101 site and 102 lal/for the T1O3 site. In both cases, this
leads to an EFAL Al(OR)which is still linked to an oxygen atom of a sidgnand located
either in the supercage for TLO8H = -72 kJ/mol) or in the sodalite cage for T1QE (= -

54 kJ/maol).

4H,0

Adsorption of the forth water molecule on Al in igposition leads in the case of T1O3 to a
penta-coordinated EFAL speciesH = -125 kJ/mol) which is still coordinated to omeygen
atom of a silanol group (1.91 A). After a last bddaking, it becomes an $\[OH)sH-O and

resides in the supercagéH = -60 kJ/mol). For T101, the EFAL spontaneousigves the
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silanol nest upon the fourth water adsorption ontiis phenomenon is only observed for this
particular T site. The EFAL resides in the centiethe sodalite cage establishing a network of

multiple hydrogen bonds with framework oxygen atqassdiscussed later).

3.1.5. Synopsis

By a systematic determination of the dealuminapathways occurring in zeolites
FAU, MOR, MFI and CHA (with high Si/Al), we are noable to provide insights into the
molecular scale’s mechanisms. We have revealethéofirst time the universal feature of the
water adsorption on Al in anti-position to BAS leagl to the formation of pentahedral or
distorted tetrahedral aluminum species and actigathe dealumination process. These
species are at the initial stage before each A@dlysis and are subsequently transformed
into a tetrahedral species. Whereas for the firkbAdond breaking this hydrolysis takes place
uniquely via a 1,2-dissociation with axial subgtan, the mechanisms for the following steps
display a heterogeneity due to local structurectffevhich are difficult to anticipate without
DFT calculations. Once the first Al-O bond is brokine EFAL precursor becomes more
flexible in the framework in terms of structuralnstraints leading to one main alternative
dealumination pathways (Table 1) such as 1,2-disBon with equatorial substitution.
Another possible path was identified in CHA whehe trotation of the EFAL precursor
followed by a concerted proton jump was revealedccafeful analysis of the intermediates
and transition structures occurring along the dealation pathway showed that this results
from the different T site location within the zawmiframework and from hardly predictable
interactions (mostly hydrogen bonds) between tleeFHAL and the zeolite’'s wall. Table 1
highlights this regioselectivity and the fact, thhe first AI-O bond breaking step is not
always determining for the formation of EFAL, wheonsidering intrinsic energy barriers.

The regioselectivity is often linked to the Al-Oelaking propagation mechanism. Whereas for
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the T404 site in Mordenite the rate limiting stepdictated by the first AI-O bond breaking
(E¥ = 100 kJ/mol) via 1,2-dissociation with axial stitesion, the rate limiting step for the
T1103 site in MFI (E = 100 kJ/mol) is observed for the third Al-O hylysis and via an
equatorial substitution. Moreover, one can obsdtable 1) that for a given step, over all
frameworks and sites considered, the barrier spfl@atirow, table 1) show that the first step

exhibits the lower variation across different framoeks and crystallographic position.

Table 1. Energy barriers £ (kJ/mol) and apparent barriers,yE(kJ/mol) for different numbers of water

molecules and most probable mechadigon each zeolite and T site studied. EFAL locatamd stabilities
(kJ/mol) are also given.

Fc c

Zeolite (T site)| T site configuration® E Eapp lEFA.L EFA!‘

ocation stability
n=1 | n=2 n=3 n=1 n=2 n=3

CHA (T103) | 4MR (chabazite cage 76 adl14 ax| 61 21 49 -2 chabazite cage -74
MOR (T404) 4AMR (12MR) 100ax| 94eq| 85eq 33 27 32 12MR channel -68
MFI (T304) 5MR (intersection) | 86ax | 65eq| 70 eq 16 11 26 straight channel -117
MFI (T1103) 5MR(straight ch.) | 101 ax| 84 eq| 1l4eq 34 -13 43 Intersection -136
MFI (T1002) | 4MR (sinusoidal ch.)| 120 ax| 37 eq| 16leq 61 38 78 sinusoidal channe -107
FAU (T101) | 4MR (hexagonal prism) 98 ax | 100ax| 94 eq 35 70 -1 sodalite cage -114
FAU (T103) | 4MR (hexagonal prism) 83 ax | 98 eq| 102eq 29 35 22 supercage -60

Barrier spreal All sites 44 77 100 45 83 80 - -

aMechanism: ax and eq refer to axial and equatsuititutions; T site configuration: first value - smallest
building unit to which the site belongs; bracketscation in zeolitic framework’ Bold — highest barrier for a
given site? Difference between highest and lowest valuestferall column.

Assuming kinetic order 1 with respect to gaseousekyaone may also consider

apparent barriers, defined, for each step, accgrdirequation (2).
EapNHo0) = E{(NH,0) + AE(I0(NH,0)) - AE(12((n-1)H,0)) 2)

The values are reported in table 1, for each stedpeoreaction. For a given site, the highest
apparent barrier is found for the first step (nsfy for mordenite. The second (FAU, CHA)
or third (MFI) steps are generally the most demagdrom an apparent barriers point of
view. The scattering of the highest apparent enbagyiers is wider within a framework (26
to 78 kJ.mof for MFI) than from a framework to the other (264® kJ.mot", considering the

most reactive site of each zeolite).
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Whether one should consider or not consider appaeeners will however depend on
reactions orders, which cannot be easily solve®BY calculations only. As a perspective of
this work, one can suggest to undertake a full tiitngimulation of the process, based on
calculated activation enthalpies and entropiesridividual steps followed by a microkinetic

model, in order to conclude, such as the one uaklentin ref. [51, 67].

3.2. Brgnsted-Evans-Polanyi relationships for theydrolysis of Al-O bonds

One key factor for controlling the rate of an elemagy chemical reaction is its (free)
energy barrier. While the evaluation of reactioergies provides insights about the stability
of occurring products and intermediates along tlaction path, only the explicit
determination of transition structures, allow usletermine the preferred pathway. However,
the determination of transition structures is a deding task and requires substantial amounts
of computer time. If for a set of given reactiomas|inear relationship between the energy
barrier E and the corresponding reaction eneAd¥.acexists, as postulated by the Brensted-
Evans-Polanyi principle,[68, 69] once knowing theaction energy, the corresponding
reaction barrier can be determined without its iexptalculation.

Figure 8 shows such a behavior for each of theetAteO bond hydrolyses leading to the
formation of an EFAL, as it was already reportedtf® very first Al-O bond breaking in our
previous work.[49] The correlation coefficient ftre first AI-O bond breaking is R?=0.96
which allows an accurate determination of the ieadbarrier by simply evaluatingE. This
is also reflected in the box plot analyses show8Bupporting Information S4. For the first Al-
O hydrolysis the interval of the reaction energyiesmbetween 75 to 120 kJ/mol with a mean
absolute error (MAE) of 2.4 kJ/mol and a maximumoer(MAX) of 4.3 kJ/mol. This
observation holds also true for the second Al-Orbldis. However, the correlation tends to

degrade as quantified by a lower R? value of 0I9® box plot analysis also shows a higher
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fluctuation of the energy barriers varying betw&into 114 kJ/mol. A reasonable MAE of
5.4 kJ/mol still allows accurate prediction of reéae barriers on the basis of reaction
energies. However, a MAX of 14 kJ/mol due to theehegeneity in interaction of the EFAL-

precursor with the zeolitic framework and the sgsog creation of a silanol nest, displays
the difficulty in predicting accurate trends frohetmodynamics at this step. This difficulty is
even more pronounced for the third Al-O bond hygsisl (R= 0.49, MAE: 14 kJ/mol, MAX:

38 kJ/mol), for which the correlation cannot be sidered as reliable anymore.

* 1H,0 Er=0.67AE+ 371

R2=0.96
160 - B
Ea=0.43AE + 70.6
140 1 ™ 2H0 Ri_ggp
120 4 | 3H,0 EQ:S:SSAE+71_O om *
S 80 Sl
E - ®
2 60 - "
20 A
0 T T T T

-90 -70 -50 -30 -10 10 30 50 70 90 110

AE, ., [kJ/mol]

Figure 8. Plot of the energy barrier fE as a function of the reaction energyEf..) for Al-O hydrolysis
reactions occurring in zeolites (green triangldiackets removed from correlation due to differleydrolysis
mechanism; see text). The green triangle in bradketthird water molecules corresponds to the T&i@8in H-
CHA, which showed a specific mechanism for thedth-O hydrolysis via EFAL precursor rotation with
subsequent concerted proton jump, was removed therorrelation.

This degradation is explained by the increasing warh@f local and non-local effects
which remain hard to predict from the simple knalge of the thermodynamic data on
reactant and product only. Thus, the parametersmgak difficult to derive quantitative
structure-activity relationships are the followioges:

- local structural constrains impacting the flexiyilof the Al atoms,
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- hydrogen bonds between the hydroxyl groups of thALEprecursor and the oxygen
atoms of the zeolites walls, as well as the complakogen bond network established
after the formation of a silanol nest,

- evolution of the van der Waals contribution (coefiment effect) in the course of
dealumination and depending strongly on the zeolite

With increasing number of Al-O bonds being brokéne amount of hydroxyl groups on

the EFAL precursor as well as the number of sile@obund the extracted Al atom increases,
inducing a different hydrogen bond network. In &iddi, this trend depends not only on each
T site’s local environment but also on each intetiaie involved in the BEP relationship.
Comparison of the three slopes shows that the(Btspe = 0.7) and third (slope = 0.6) Al-O
hydrolysis transition structures exhibit the sames#ivity with regards to the stability of the
intermediates, whereas the second AI-O bond hysilyslope = 0.4) exhibits lower
variations. However, there is no general trend ndigg the rate determining step, as

previously discussed (Table 1).

3.3. Thermodynamic considerations on the confinemereffect on EFAL species
Additionally to their strong Bregnsted acidity, zée$ are well known to possess
properties such as shape selectivity, selectiverpten and diffusion, resulting from their
microporous networks and curvature of their intemafaces. The interactions between the
zeolite framework and guest molecules (reactaradymt, intermediates and TS) located
within the cavities and channels are often of nowatent nature. This confinement effect is
an ubiquitous characteristic of zeolites.[18, 70X indicated in the Methods part, we have
taken into consideration the dispersion contribufar the whole dealumination mechanisms.
In what follows, we would like to give a more dégdi analysis of the confinement effects

resulting from van der Waals interactions and gctin the EFAL product.
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Figure 9. EFAL AI(OH)sH,O upon dealumination of a) MOR, b) CHA, d), e) FAWDd e)-g) MFI type zeolite
located within the different channel systems (pitk:red: Si; yellow: O; pink: Al; white: H).

After the extraction of aluminum from a framewodka non-framework position as an
EFAL species Al(OHH.O, and depending of its previous T site locatian;an reside in
different cavities present in the zeolitic frametvdfigure 9). Since each cavity has its own
topology and curvature (e.g. the sodalite cageAdd i5 spherically closed whereas the 12MR
channel of MOR is opened along the c axis) exerspgcific confinement effect on the
residing EFAL species, this will affect its statyiliThe confinement effect can in turn be seen
as a thermodynamic driving force for aluminum diggiment from a framework to a non-
framework position.

Figure 10 reports the interaction energy of the ERfpecies Al(OHH,O with the
zeolite cavity (using the zeolite and 4 water moles as reference) as a function of the
cavity diameter d according to ref. [73]. Numerigalues are also reported in Table 1. The
curve reflects that for to small cavities, e.g. lexagonal prism (d < 4 A) present in zeolite
Faujasite, the Pauli repulsion destabilizes theleese of an EFAL species in such a confined

surrounding. On the other hand, for very large polike for instance present in Chabazite or
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in the FAU supercage (d > 8 A), a weak confinenedféct from the zeolitic framework is
expected. As a result of this analysis, the higktatilization of AI(OH}H,O was found in
the intersection region between sinusoidal andgstrahannels of MFI zeolite (d = 6-8 A).
This analysis shows that complementary to the kinedlues of the dealumination
mechanisms detailed before (Table 1), the formatioBFAL species can also be influenced
by the confinement effect induced by the pore toggl For instance, in FAU where T101
and T103 sites exhibit very similar energy barriensthe limiting step (~100 kJ/mol), the
driving force may be the higher thermodynamic ditgof EFAL formed in the sodalite cage
from T101. In MFI, kinetic and thermodynamic data eonverging and the most favored site

for the first EFAL formation is T304 at the intecsien of sinusoidal and straight channels.
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Figure 10. Qualitative plotting of EFAL Al(OHH,O stability (using the zeolite and 4 water molesuées
reference) as a function of the channel and caligyneter of the zeolitic frameworks MOR, FAU, CHAda
MFI. FAU hexagonal prismatic cage and MOR 8MR, adeled to provide additional examples (not treated
before) illustrating EFAL configuration in constnad cavity.
5. Discussion

From the very first stage of the reaction, we ps® pentahedral or distorted
tetrahedral Al atom as relevant intermediates lh@r formation of EFAL. Such Al species

were identified experimentally and are supposedbéo at the initiation of aluminum

dislodgement to extra-framework positions.[28, Igntrary to the general opinion on
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dealumination upon steam treatment, Agostéinial. showed on steamed zeolite Y — FAU
framework , by in situ XAS and XRPD measuremeritat & structural deformation already
occurs at moderate temperatures (450 — 500 K) wthenfirst water molecules start to
repopulate the pores.[28] This result seems toobsistent with the moderate energy barriers
(~100 kJ/mol) found for our investigated T sitesHAU. In contrast, energy barriers as
provided by Swang et al.[46, 47] (in the case ofACHowever) seem to be too high to be
compatible with such studies which raises questiabeut their proposed mechanism.
Considering apparent barriers, they obtain for n£25 kJ.mof, much higher than all values
reported in the present paper. Note the same @ustgree with our proposal, by considering
mechanisms similar to ours for SAPO-34 desilicafi 51]

By combination of our mechanistic investigation thie dealumination with the
confinement effect found for the residence of EFgjlecies inside the cavities we are able to
elucidate experimental results regarding Faujasigestini et al. showed the appearance of a
fraction 30-35% of the total Al in the sodalite edg8] Analyzing Figures 7 and 10, this can
be explained only by including thermodynamic coasidions because all reaction barriers
are in the range of about 100 kJ/mol. Apparentibiaieven suggest better kinetics for EFAL
formation in the supercage 4= 35 kJ.mof for T103 versus 70 for EFAL formation in the
sodalite cage, T101). Indeed, the formation of dPAIE residing in the supercage is
thermodynamically less favored than its presencthénsodalite cage. Moreover, along the
reaction path, the most stable structure for th®I kite (giving rise to the EFAL in the
sodalite cage) is 10(44D) (AE = - 111 kJ/mol) compared to 10(3®) (AE = - 63 kJ/mol)
explaining that this site is more stable when eté@ from the framework. This assumption
holds not true for T103 (giving rise to EFAL in teepercage) since the most stable structure
along the reaction path was identified for 108H (AE = - 128 kJ/mol) showing that only

partial dealumination has occurred with formatidnacstable penta-coordinated Al species
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not being an extra-framework species. So bothetaive stability of intermediates and final
products are driving forces for the regioselecyivof EFAL formation in FAU, rather than
barriers.

At the mesoscale, employing FIB and SEM analyzesnieki et al. revealed an
architecture-dependent mesopore formation uponmébea of ZSM-5 zeolite: sinusoidal
channels were more affected by the dealuminatian #iraight channels.[32] Upon analysis
of the reaction path of T sites located in the somal channels (T1002), straight channels
(T1103) and the intersection regions (T304) (Fidelkewe confirm this regioselectivity and
we determine that the intersection region of sidadoand straight channels is the place
where the dealumination of T304 is the most favomedierms of both kinetics and
thermodynamics. At this site, the tetrahedral Adnatis more stable in a non-framework
position dictated by the stability of all intermatiis (but one) and driven by the confinement
effect of the intersection region. The T site ia #inusoidal channel shows the highest energy
barriers in the series of these three T sites aockover the most stable structure along the
reaction path was found for 10(38) (AE = - 140 kJ/mol) meaning that at T1002 Al is more
stable as a framework species. The same obsentailds also true for the T1103 site where
the most stable structure was I0BH (AE = -106 kJ/mol). However experimentally, no
information is available for the initiation siterfdealumination provided in the present study.
So our result combined with experimental would catie that once the dealumination has
been initiated at the intersection, the propagatérmesopores occurs along sinusoidal
channels. Understanding more precisely the origfrthis behavior would require additional
investigations, such as the simulation of the pgagian of extra-framework formation, up to
the mesopore. A first tentative explanation carptmvided looking at the results reported in
Figure 8. Indeed, EFAL is the less stabilized im thinusoidal channel, whereas it is

preferentially located at the intersection, anth straight channel. We can also suggest that

37



pore blocking inside the straight channels occfser most intersection sites have been
dealuminated, the corresponding EFAL diffuses pegially in the straight channels, where
they are also stabilized, preventing their furtdealumination and promoting the formation

of mesopores along sinusoidal channels.

5. Conclusions

The present study reports a mechanistic investigaif dealumination reactions on 8
BAS belonging to four zeolitic frameworks: MOR, MHAU and CHA. We demonstrated
that the very first step in the initiation of theadlumination of a given T site, is a water
adsorption on Al in anti-position to the Brgnsteddasite, leading to the formation of a
pentahedral or distorted tetrahedral Al atom. Isubsequent step, the first Al-O hydrolysis
takes place via a 1,2-dissociation of a water maéewvith axial substitution of the silanol.
This mechanism is the same for each T site, regauttiie reaction of the first water molecule.
We show that once the first Al-O bond is broken #mel Al atom becomes more flexible in
terms of structural changes, alternative pathwagspassible, due to a set of effects (i.e.
hydrogen bond network between the EFAL precursar the zeolitic walls as well as the
resulting silanol nest, and van der Waals contiamst also linked with confinement effects)
affecting the stability of TS and intermediatesngldhe path. In particular, the occurrence of
1,2-dissociation of water with equatorial (insteafdaxial) substitution of Si-OH becomes
competitive. Brgnsted-Evans-Polanyi relationships €ach AI-O hydrolysis have been
established but they reveal a strong degradatiorthi® third Al-O hydrolysis due to these
complex local and non-local effects.

Moreover, we show that the very first Al-O bond dkimg step is kinetically
determining for the formation of EFAL in MOR andeosite (T304) of MFI. For other sites,

the subsequent Al-O bond breaking steps may becatadimiting. By considering apparent
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barriers instead of energy barriers, the first Ab@nhd breaking appears to be limiting in the
case of MOR only.

Last but not least, we quantified the thermodynastadility of EFAL species formed
in the same zeolites cavities and channel syst&¥ies.established a direct link with the
confinement effect exerted by zeolites as a functibthe cavity diameter of the micropores
where the EFAL is located. Aside the kinetic effecive show that this thermodynamic
stability may represent a complementary drivingcéorfor Al dislodgement to extra-
framework positions, in particular in FAU. The camdtion of kinetic and thermodynamic of
EFAL formation is likely to explain some experimainteatures regarding the regioselectivity

of the formation of EFALSs.
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