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ABSTRACT: In the present work, we studied the proto-
nation reaction of styrene inside the cavity of acidic H-Y
zeolite. Density functional theory calculation using M06-2X
functional and analysis of quantum theory of atoms in
molecules are used to investigate the confinement effects of
zeolite framework on species involved on the reaction. A
detailed analysis of the topology of the electron density of
interactions among reactants, transition state, and intermedi-
ate products with the cavity of H-Y zeolite is performed,
extracting conclusions about adsorption, catalysis, and
confinement effects. Identification and quantification of
host—guest interactions between zeolite framework and styryl
cation support the larger contribution of weak closed-shell

free
styryl cation

free styryl cation
inside H-Y zeolite cavity

interactions in stabilization of the formed carbenium ion. Our results clearly show that reaction energies for all formed species
inside a zeolite with large void structure are also significantly governed by the confinement effects related to weak host—guest
interactions. In other words, zeolite confinement effect is a crucial factor that may affect the catalytic activity even on zeolites

with large pore size and void structure as H-Y.

1. INTRODUCTION

Zeolites are microporous solids widely used in fine chemistry,'
oil refining, and petrochemistry as heterogeneous catalysts.”
They possess pores, cavities, and channels with well-defined
molecular dimensions that provide a selective environment
acting as a nanoreactor.” There are two main factors that affect
the stabilities of confined species in acidic zeolite pore, i.e.,
Bronsted acid strength and pore confinement effect.” The
interactions between the zeolite framework and the confined
molecules play a key role in adsorption and the catalytic
properties of zeolites by stabilizing adsorbed molecules,
intermediates, and transition states (TSs). This effect is
known as confinement effect, and because of it, zeolites can
be described as solid solvents.>*

Confinement and solvation by van der Waals (vdW) forces
confer remarkable diversity to zeolites, in spite of their
structural rigidity and their common aluminosilicate compo-
sition.” The confinement effects on zeolites have received wide
attention over the last years, and numerous studies on the role
of confinement have been conducted by using different
experimental and theoretical methodologies.”’ ™" Although
many research works have been done in this area, a clear
chemical picture about the pore confinement has not been
established.
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Buurmans et al. studied the reaction of the oligomerization
of 4-fluorostyrene on H-ZSM-5 and H-Y and suggested using
geometrical bond distances less than 3.2 A as a criterion of
intermolecular contact that numerous weak contacts are
involved in the stabilization of various bulky hydrocarbon
species formed in zeolitic voids.”® Recently, Ristanovic et al.
have studied proton-transfer processes within a zeolite crystal
and discussed that understanding the synergy between the
numerous physicochemical processes taking place inside
zeolites demands for fundamental insights into the host—
guest interactions, where porosity, guest mobility, and solvent
effects can strongly interfere with Brensted acid-catalyzed
processes.”’

In previous studies of chemical reactions of interest in the
zeolite chemistry, we demonstrated the usefulness of quantum
theory of atoms in molecules (QTAIMs) analysis and the
relevance of the information that can be obtained through the
analysis of electron density distribution.””">> One of the
advantages of the QTAIM methodology over other global
measures of the interaction energy is that it allows one to
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decompose the interaction energy in contributions by an atom
or a group of atoms, and because of which it was used in the
analysis, design, and optimization of ligand molecules in the
ligand/receptor recognition process.”® Similar analysis could
be applied in the study of adsorbate—catalyst interactions,
which makes it particularly useful for these catalytic systems
where several interactions are found.

In a very recent study, we have shown that interactions
related to the confinement effects and the reaction itself
(adsorption, coadsorption, bond-breaking, and bond-forming
processes) can be discriminated, to discriminate the relative
contributions of the degree of confinement to the reaction
energies for two zeolite catalysts with small and medium pore
voids.”” According to this study, for adsorbed and coadsorbed
complexes and intermediate species, stabilization in the smaller
zeolite cavity is dominated by the confinement effect of the
catalyst on the reactant species; however, for transition state,
the stability is achieved due to the stabilizing effect of the
surrounding zeolite framework on the formed carbocationic
species (CH;") and it is of greater importance the higher
available space to guarantee the proper orientation of
fragments or species involved in the formation of transition
state.

However, it should be emphasized that each zeolite
framework contains diverse solvating environments. H-FAU
(acid faujasite) is considered a large-pore zeolite with large
supercages,”® so it may be thought that the effects of
confinement do not influence or are not of significant
importance in the initial steps of the reaction when small
bulky intermediates are being formed. However, we suggest
that weak interactions are of paramount importance even on
zeolites with large pore size and void structure. New insights
based on electron density analysis could help to answer the
question about what is the influence of lattice atoms on
stabilizing the intermediates when a zeolite with a large pore
structure is considered. An in-depth understanding of the
species involved on the mechanism, identifying the electronic
properties of the transition states, will also allow to identify
relevant properties that the catalyst should fulfill and that serve
as a complement in the design of catalysts to guide the
reactivity-selectivity.

Styrene is an important monomer that is industrially applied
for the synthesis of plastics and rubbers.”” For polymerization
processes of styrene on zeolites, the initial step of the reaction
is the generation of a charged carbon moiety and the formation
of carbocation species; then, dimerization and subsequent
protonation are the chemical reactions for the synthesis of
those macromolecules.’® Further insights into elementary
reactions as protonation of styrene and formation of
carbocation species are of interest for several reaction
mechanisms involving dimerization of styrene.”’ It is not
only the extreme acidity of zeolites but also other special
properties of the internal voids that make these solids very
approzpriate to stabilize positively charged reaction intermedi-
ates.”

In the present work, we further investigate the solvation of
the H-Y zeolite framework on species involved in the
protonation reaction of styrene. Molecular electrostatic
potential (MEP) maps and QTAIM**** analysis are used to
study the stability of intermediates of reaction of styrene inside
the cavity of H-Y zeolite. A detailed analysis of the topology of
the electron density of interactions among reactants, TS, and
intermediate products with the cavity of zeolites is performed,
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extracting conclusions about adsorption, catalysis, and confine-
ment effects. We try to show that the stabilization energies of
all formed species during the reaction inside a zeolite with large
pore and void structure are also significantly governed by
confinement effects related to weak host—guest interactions
besides the acid strength. The understanding and the
characterization of host—guest interactions in zeolites are
essential to explain the observed reactivity in these catalytic
processes.

2. METHOD AND CALCULATION DETAILS

Coordinates of the FAU zeolite framework were obtained from
the International Zeolite Association online database.”> To
cover the confinement effect from the zeolite framework, the
H-Y zeolite catalyst has been modeled by a 84T (T = Si and Al
tetrahedral sites) cluster model cut out from the zeolite crystal
structure. The dangling bonds that connect the cluster with the
rest of the solid have been saturated with hydrogen atoms at a
bond length of 1.47 A from the silicon atoms and orientated
toward the corresponding Si—O bonds of the zeolite. To
introduce acidic center, we replaced one of the symmetry-
equivalent Si atoms by an Al atom, where the active site was
positioned at the Sil—O4(H)—All site.”® The net negative
charge of the lattice due to the substitution of one silicon atom
by an aluminum atom was compensated by a proton on a
bridging oxygen center of the type Si—O—Al The resulting
84T zeolite model has a total of 289 atoms, with an overall
composition of [O;/,SiH],[Si0,]6[O;/,Si(OH)AIO;,]. This
extended cluster includes two supercages connected via a 12-
membered ring window with a free aperture of 7.4 X 7.4 A.
Therefore, local effects (interaction of adsorbate with the
Bronsted and Lewis sites) and nonlocal effects (van der Waals
interactions with the zeolite cavity or confinement effects) are
taken into account.

Because the system is computationally demanding, we used
a combined theoretical model, namely, ONIOM [M06-2X/6-
31+G(d,p):PM6], to predict the geometries of all intermedi-
ates and transition states. Previous studies showed that the
density functional theory using the M06-2X>"*" functional
provided quite good results compared to functionals without
dispersion energy terms for studying the interaction of organic
molecules inside the zeolite pores.””*" ** Additionally, the
semiempirical PM6" method has been used in ONIOM
schemes for the study of reactions on zeolites.~** A 10T
region (including the acid site) and the organic molecules were
considered as the high-level layer, whereas the remainder of the
system were considered as the low-level layer. The resulting
ONIOM model for isolated H-Y is labeled as 10T/84T.
During geometry optimization, the reactant molecules and
atoms located in the 10T high-level layer of zeolite model were
allowed to fully relax, whereas the remaining atoms of the 84T
zeolite model in the low-level layer were frozen at their
optimized crystallographic position. All stationary points were
characterized by calculating the Hessian matrix and analyzing
the vibrational normal modes.

To obtain more accurate interaction energies, single point
(SP) calculations with the M06-2X>"** density functional and
the 6-31++G(d,p) basis set were carried out, using the
optimized geometries produced by the ONIOM calculations.
All calculations were performed with the Gaussian 09
program.”’

We discuss the nature of host—guest interactions by means
of a topological analysis of the electron charge density
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distribution in the framework of atoms in molecules theory
(QTAIM).***** The topological analysis of the electron
density, p(r), and its Laplacian function, V2p(r), constitute a
powerful tool to investigate the nature of the chemical bonds.™
According to Bader theory, the presence of a bond path (BP)
is a universal indicator of the existence of a bonding
interaction.”’ Total electron densities were obtained at MO06-
2X/6-31++G(d,p) level by the Gaussian program. The bond
and atomic properties were calculated using the AIMAII
software.”> The maps of molecular electrostatic potential
(MEP) were calculated and drawn with the AIMAIl program
using a 0.001 au electron density isosurface.

Bader’s net atomic charges were determined on selected
atoms. The accuracy of the integration over the atomic basin
(€2) was assessed by the magnitude of a function L(Q), which,
in all cases, is less than 107> au for H atoms and 10~ au for
other atoms. We have employed a similar QT AIM analysis in
our previous works on the reaction of alkenes over acidic
seolite 22232527

Additionally, the reduced density gradient (RDG), [defined
as s = 1/Q232)3)IVp(r)l/(p(r)*3)], together with the
electron density, was used to reveal noncovalent interactions.”
Intramolecular interactions were omitted for the calculated
RDG function to elucidate intermolecular noncovalent
interactions between the adsorbates and the zeolite frame-
works. The functions RDG and sign(4,)p (the sign of the
second largest eigenvalue of the electron density Hessian
matrix multiplied by the electron density) were calculated
using Multiwfn software.”* Previous studies showed that the
gradient isosurfaces provide a rich visualization of noncovalent

interactions between organic molecules inside the zeolite
55,56

3. RESULTS AND DISCUSSION

Figure 1 displays the most stable structures and their relative
energies along the reaction coordinate calculated at SP MO06-
2X/6-31++G(d,p) level. SP energies decrease by about 9—11
kcal mol™" when comparing energies using the ONIOM
methodology. The transition states explored are carbenium
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Figure 1. Energy profiles for the protonation reaction of styrene over
H-Y zeolite at SP M06-2X/6-31++G(d,p) level.

ion-like. Next, we briefly discuss the peculiarities of the
mechanism.

The initial step starts with the physisorption of a styrene
molecule on the Bronsted acid site (BAS) of the H-Y zeolite
and a 7-complex is formed (Figure 1), where the acidic proton
of the BAS, Hy,, is about halfway between the C, and Cg atoms
of the vinyl double bond of styrene (2.11 and 2.12 A). At the
TSI, the acidic proton has protonated the styrene molecule
and the C,—Cg double bond on the vinyl group of styrene is
cleaved leading to the formation of a secondary CgHy"
carbocation that is stabilized by the adjacent aromatic ring,
the corresponding energy barrier is 13.5 kcal mol ™.

Further progress of the reaction implies the formation of a
methylphenyl carbenium ion as a stable intermediate (interm1
or styryl cation), where an hybridization change from C(sp?)
to C(sp®) is observed. The free carbenium ion is 17.1 kcal
mol~" lower in energy than gas-phase reactants, and about 6.3
kcal mol™" less stable than the adsorbed 7z-complex. Then, the
positive charge on the electron-deficient carbon center (C,) of
carbenium ion interacts with the oxygen (O,) of the AI-O—
Si bridge, giving rise to the second transition state (TS2),
although the energy barrier is very low (imaginary frequency is
associated with the C,--O,, bond formation). The lifetime of
carbenium ion depends on the barriers separating the
carbenium ion from the alkoxide and the physisorbed
species.57

Subsequent stabilization results in the formation of C,—O,
bond and consequently, the alkoxy intermediate bound to the
catalyst (interm2 or 1-phenyl-ethoxide). The interm2 is 4.4
kcal mol™ lower in energy than z-complex and is found to be
stabilized. That is, the reaction energies show that the alkoxide
is more stable than the z-complex by about 4.4 kcal mol™" and
the interm1 by about 10.7 kcal mol™". The C,---O, distance
decreases from 2.5 A in interml to 2.3 A in TS2 and finally
1.52 A in interm2, reflecting the C—O bond formation. The
intermediate ion could deprotonate rapidly, regenerating the
BAS of the zeolite, or further dimerization/oligomerization
also leads to the formation of bulky species.

Our energy results display lower values than those reported
for m-complex and intermediates by other authors at ONIOM
MO06-2X/6-31G(d):AM1 level with a 8T /84T cluster model.>®
The calculated energy for styrene adsorption in H-Y at SP
MO06-2X/6-31++G(d,p) level is —1.2 kcal mol™’, lower than
that the calculated energy value of —22.2 kcal mol™" informed
by Fang et al*® reflecting a higher interaction of the adsorbate
with the catalyst. No experimental data for styrene adsorption
on H-Y or activation energies are found in the literature. Also,
interml (—17.1 vs —12.2 kcal mol™!) and interm2 (—27.8 vs
—19.5 kcal mol™) are more stable than the ones informed by
Fang et al. Summing up, SP calculations decrease the energies
by about 9—11 kcal mol™" and improve the study of hydrogen-
bonding and van der Waals (vdW) interactions. For the initial
carbocation, calculations using a periodic model and the
Perdew—Burke—Ernzerhof functional showed energy values of
—3 and of 21.2 kcal mol™, respectively, with correction by
vdW interactions.”

3.1. Molecular Electrostatic Potential. A previous work
showed that the use of topological analysis based on electron
density distribution in combination with molecular electro-
static potential (MEP) maps provides valuable information
about the steric volume, shape, and the electronic properties of
zeolite framework providing a representative measurement of
the overall molecular charge distribution.””
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I -32.81 kJ mol’
-9.16
+14.49
+38.14

Il +61.80 kJ mol”

Figure 2. Molecular electrostatic potential on the 0.001 au electron density isosurface for (a) and (b) two views of H-Y zeolite, (c) CgH," isolated
carbenium ion of styrene, and (d) interml confined in H-Y zeolite. The red and blue areas indicate negative and positive regions, respectively,
varying between —32.81 and +61.80 kcal mol™". The molecular graphs of p(r) are also observed.
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Figure 3. Molecular graphs for the most stable species along the reaction coordinate: (a) z-complex, (b) TS1 for protonation of styrene by BAS,
(c) intermediate that involved a carbenium ion (d) TS2, and (e) intermediate that involved an alkoxide bounded to catalyst. The large circles
correspond to attractors attributed to nuclei, the lines connecting the nuclei are the bond paths, and the small red circles on them are the bond
critical points (BCPs). Terminal H atoms of the Si—H bonds in the zeolite were omitted for clarity.

Figure 2 shows tridimensional MEP maps of the isolated
zeolite (a and b), isolated methylphenyl carbenium ion (c),
and the methylphenyl carbenium ion within H-Y (d) at the van

blue). For isolated zeolite catalyst, it is clear that the most
negative regions (red regions) are localized over the oxygen
atoms inside the cavity, where there is high electron density,

der Waals surface, representing electrostatic potentials super-
imposed onto a surface of constant electron charge density
(0.001 e au™?). The value of the electrostatic potential ranges
from —32.81 kcal mol™" (deep red) to +61.80 kcal mol™" (deep
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and the most positive region (blue) is localized over the BAS,
where there is low electron density. The high electron density
available inside the cavity shows the high availability of sites for
interaction with electron-deficient sites in the guest molecule,

DOI: 10.1021/acs.jpcc.8b07357
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Table 1. Bond Distances (A) and Local Topological Properties (au) of the Electron Charge Density Distribution Calculated at
the Position of the Bond Critical Points for Stationary Points Involved in the Reaction of Protonation of Styrene on H-Y

Zeolite™”
n interactiony..y dy..y
7-complex
adsorption 1 Hy,--nCC 2.12
2 OgpH—C 2.58-2.87
confinement 6 Oy H-C 2.69-3.22
4 0,+C 3.11-327
1 Oy--nCC 329
TS1
bond breaking 1 C--C 1.40
1 OyHy 1.48
bond forming 1 Hy,--C 1.25
confinement S Oy-C 3.01-3.29
4 0,+H-C 2.45-2.88
2 0y, H-C 245-2.71
interm1
stabilization 1 OyyC 2.50
confinement 6 Oy +H-C 2.34-3.27
2 Oy-C 3.12-3.15
1 Oy+1CC 328
1 0,C 3.07
1 Oy,;+-Hy—C 2.59
TS2
bond forming 1 Oy,-C 2.30
confinement 4 Oy+-C 3.26-3.71
3 0,+H-C 2.22-3.07
1 0yC 3.02
1 0y+H-C 2.37
interm2
bond forming 1 0,—-C 1.52
confinement 4 Oy -H-C 2.15-3.39
4 Oy-C 2.27-3.95
1 Oyy+Hy—C 229
1 OyC 3.05

p(r) V2p(r) H(r) Yp(r)
0.0249 0.0559 0.0003 0.0249
0.008—0.006 0.029-0.021 0.0009—-0.0009 0.0144
0.007—0.002 0.023—0.009 0.0008—0.0006 0.0270
0.008—0.006 0.027—-0.022 0.0008—0.0008 0.0277
0.0067 0.0209 0.0007 0.0067
0.3059 —0.8255 -03123 0.3059
0.0827 0.1315 —0.0219 0.0827
0.1789 —0.4548 —0.1498 0.1789
0.009—0.006 0.035-0.020 0.0013—0.0007 0.0379
0.010—-0.005 0.033-0.019 0.0010—0.0005 0.0281
0.011—0.007 0.038—0.025 0.0010—0.0008 0.0180
0.0217 0.0715 0.0005 0.0217
0.013—0.002 0.042—0.008 0.0009—0.0003 0.0355
0.008—0.007 0.026—0.025 0.0009—-0.0008 0.0154
0.0068 0.0226 0.0008 0.0068
0.0095 0.0343 0.0013 0.0095
0.0107 0.0411 0.0014 0.0107
0.0321 0.0934 —0.0009 0.0321
0.007—0.003 0.024—0.010 0.0009—0.0006 0.0230
0.016—0.003 0.053-0.011 0.0009—-0.0001 0.0238
0.0104 0.0377 0.0013 0.0104
0.0133 0.0447 0.0006 0.0133
0.1854 ~0.1853 ~0.2092 0.1854
0.021-0.002 0.076—0.006 0.0011-0.0005 0.0344
0.010—0.002 0.031—0.006 0.0009—0.0004 0.0226
0.0153 0.0510 0.0005 0.0153
0.0104 0.0372 0.0013 0.0104

“Number of interactions [n], bond distances (dy..y), electron density [p(r)], Laplacian of electron density [V>p(r)], total energy density, [H(r)],
and sum of electron density values [ Yp(r)], in au. “For n > 1, the table informs the range (minimal and maximal) of property values.

and MEP could be of particular interest to predict adsorbate—
catalyst interaction modes. Furthermore, these interactions can
be quantified and discriminated in terms of electron density
distribution.

It can be observed that the zeolite cavity is large enough to
accommodate the guest molecule, transition species, and
intermediates, and the size of the intermediate (Figure 2c) is
small in relation to the size of the cavity. In general, the cavities
provide the spatial room for the intermediates and transition
states generated during the reaction, and for H-Y, a more
spacious cavity minimizes steric constraints.

When considering the formation of the intermediate inside
the cavity, its charge is stabilized, which is appreciated through
the electrostatic potential by the predominance of green color
(Figure 2d). It is also observed that a large space of the zeolite
cavity remains empty (although the organic molecules are large
enough) and then that confinement effects should not be of
significant importance in this zeolite or should not be
appreciable in relation to other smaller zeolites as H-ZSM-5
or H-p.*

The visualization of isosurfaces of reduced density gradient
in real space can describe the noncovalent interactions
between the organic fragments and the zeolite frameworks.

The colored isosurface indicates the strength of the non-
bonded interactions present between both molecules (see
Figure S1 of the Supporting Information). It can be observed
that the space between the styrene and zeolite is filled with
green-colored isosurface that illustrates the weak interaction
between them, except for the interactions of styrene with the
acidic and basic sites (strong interactions). In the next section,
we have quantified these interactions and also covalent
interactions related to the reaction in terms of the QTAIM
methodology.

3.2. Electron Density Analysis. The molecular graphs of
electron density for the most stable structures in H-Y are
shown in Figure 3. From topological electron density
calculations, a large quantity of bond, ring, and cage critical
points (CPs) appears. However, only the most meaningful CPs
with respect to the catalysis and confinement phenomena are
considered and discussed in detail. The bond critical points
(BCPs) and the linking bond paths detected between host—
guest interactions are highlighted. Table 1 lists the bond
distances and the most relevant topological properties of the
electron density at the BCP for most stable species: the
electron densities [p(r)], the Laplacian of the electron density
[V2p(r)], and the total energy density [H(r)]. A summary of

DOI: 10.1021/acs.jpcc.8b07357
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the main properties of ring critical points (RCPs) and cage
critical points (CCPs) is presented in Table 2.

Table 2. Electron Charge Density Calculated at the Position
of the Ring (RCP) and Cage (CCP) Critical Points”

" P(")onin P(")imax 2p(r)

RCP
n-complex 22 0.000011 0.0051 0.097
TS1 19 0.000003 0.0076 0.080
interm1 23 0.000001 0.0092 0.097
TS2 20 0.000002 0.0114 0.088
interm2 18 0.000002 0.0177 0.096

CCP
7-complex S 0.000431 0.0036 0.011
TS1 N 0.001289 0.0038 0.014
interm1 6 0.000624 0.0064 0.026
TS2 N 0.000666 0.0062 0.020
interm2 4 0.000538 0.0066 0.013

“Number of critical points [n], minimal electron density value
[P(F)min), maximum electron density value [p(r),), and sum of
electron density values [Y.p(r)], in au.

Because the use of topological concepts is well documented
in the standard literature,””**" here, we only presented the
essential theoretical information that is needed to discuss
results. The local topological properties at the BCP can be
used to describe the strength of a bond. In general, the larger
the magnitudes of p(r), V?*p(r), and H(r), the stronger the
bond. Additionally, the sign of the total energy density, defined
as the sum of the potential and kinetic energy densities at a
critical point, is an indicator of covalence in chemical
interactions.* ™" Thus, negative H(r) values indicate a
significant sharing of electrons.

The overall picture that can be extracted from the results
shown in Figure 3 and Table 1 is that several interactions
among the aromatic molecule and the oxygen atoms of the
zeolitic lattice (host—guest interactions) are observed. It is
interesting to highlight that for all species, all interactions
involved only a fraction of atoms of zeolite lattice under the
organic fragment. That is, only interactions between the
nearest atoms in the zeolite and the bottom of styrene
molecule are observed. Our previous study using H-f and H-
ZSM-5 zeolites showed interactions between the whole
molecule and the zeolite wall, showing that the confinement
is related to the whole cavity of catalyst.””

Analysis derived from the topological properties of the
electron density distribution allows to associate each
interaction with a particular phenomenon of the process,
discriminating adsorption from confinement, as well as bond
breaking/bond forming and stabilization.”” In other words, in
this type of catalytic systems, where a large quantity of host—
guest interactions are present, the interactions can be
rationalized in terms of their relative contribution to the
total process.

To make clear the analysis and description of the results, we
define three types of oxygen atoms: (i) the oxygen of the
Brensted acid site (Oy;); (ii) the basic oxygen of the Al-O—Si
bridge (O4,); and (iii) the rest of oxygen atoms of zeolite
lattice (Oy). On the basis of electron density analyses, the
adsorbate—catalyst system was partitioned in a first subsystem
directly related to the reaction itself and involves the
interactions between the adsorbate and BAS and Og, and a

second subsystem related to the confinement effects that
involves interactions among the organic species and Og.

3.2.1. Adsorbed Styrene. At the adsorbed complex, the
proton of BAS is practically located at the same distance from
both carbon atoms of the vinyl double bond (2.11 and 2.12 A).
However, only a bond critical point between the proton of
BAS and the middle point of the vinyl double bond (C,—Cjy)
can be found; thus, no individual H;---C bonds are found (see
Figure 3 and Table 1). This is not an unexpected behavior
since adsorption of light alkenes on a small zeolite model
showed similar behavior.”® The topological properties at the
BCP for the Hy;---nCC interaction show characteristics of
closed-shell interactions, and it constitutes a clear indicator of
the formation of the z-complex. The same one can be
considered as an unusual hydrogen bond (HB) with moderate
strength according to their topological properties.”> Two more
O, ~-H—C interactions involving the basic oxygen of the Al—
O-Si bridge are found, and we also related these interactions
to the adsorption process. The distances range from 2.58 to
2.87 A, and the p(r), V?p(r), and H(r) values are positive.

Figure 2 showed a large electron density inside the cage of
H-Y isolated catalyst, suggesting that several more adsorbate—
catalyst interactions between the oxygen atoms of zeolite and
the guest molecule could be found, and therefore their
contribution to the adsorption energy should be considerable.

It can be observed in Figure 3 that numerous interactions
with the oxygen atoms of the zeolite walls [denoted as O
H-C, Oy +-C and O---zCC] are found, we related these last
ones to the confinement effects. Six O,-+-H—C interactions
(between O, and the hydrogen atoms of C—H bonds of
styrene), four Oy--C interactions (among O, and carbon
atoms), and one O:+-7CC interaction (between O and the 7-
cloud of phenyl group of styrene) are found. Thus, the #-
complex is further stabilized by establishing interactions with
the zeolite wall. The results of the AIM analysis provided in
Table 1 give information about the nature of these interactions.

The interactions related to the confinement effects show
large bond distances (where dy..y ranges from 2.7 to 3.3 A)
and topological characteristics of very weak closed-shell
interactions [p(r) < 0.008 au; V?p(r) and H(r) values are
positive]. These results suggest that the confinement effect is
important, even higher than the adsorption itself. That is, 61%
of pr [calculated as Y.p(r)] is attributed to the confinement
effect, while 39% is related to adsorption (E,q, = —23.4 kcal
mol™"). Thus, the presence of numerous weak interactions
contributes to the stabilization of the adsorbed s-complex,
even if the cavity size is large enough in relation to the
confined reagent. For benzene coadsorption in H-# and H-
ZSM-5 zeolites, it is found that confinement interactions
involved very weak interactions with larger distances up to 3.5
and 3.64 A and, due to the smaller available space, it involved
the whole cavity.”’

If we consider that the strongest interactions of the
adsorbate with the surface come from the interactions with
the BAS and Og,, the adsorption energy without taking into
account confinement effect can be estimated by about —9.1
kcal mol™!; therefore, the confinement effects inside the cavity
play a crucial role even in zeolites with large void structure.

3.2.2. Transition State (TS1). In the TS1 (Figure 3), the key
interactions related to reaction itself are Oy;--Hy; and C---C
bond breaking and Hy;---C bond forming (between the proton
of BAS and carbon of vinyl moiety). It can be observed that the
proton of BAS is dicoordinated O;-+-Hy;++-C. The p(r) value
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of Hy,---C is about 2 times higher than the same value in O;---
Hy,, and V?p(r) > 0 and H(r) < 0, showing that the O;--Hy,
bond breaking is weaker than Hy;---C bond forming or the
proton transfer is more advanced toward intermediate. Bonds
with positive values of V?p(r) and small negative values of
H(r) at BCP are termed as partially covalent in nature.
Interestingly, both interactions show covalent character. In
general, the larger the p(r) value, the stronger the bond.**** In
addition, the C---C bond breaking shows smaller values than
the ones observed in ethene protonation reaction,”” but a
similar trend.

Besides, we can clearly identify three different types of
interactions related to the confinement effects: five Oy -C
interactions; four Oy--H—C interactions; and two O ,--H—C
interactions (the last one involved the bridge Al-O—Si of H-
Y). All of these interactions show dy..y > 2.4 A, and p(r) values
range from 0.005 to 0.011 au and V?p(r) and H(r) values are
positive, showing characteristics of closed-shell interactions,
that is, bonds in which ionic interactions are the dominant
ones.

In this transition state, p(r) values for interactions related to
formed/broken bonds are large, whereas those values for
interactions related to confinement effects are several but with
small values. Thus, the bond-breaking and bond-forming
processes represent 87% of total density, while 13%
correspond to the confinement effect.

3.2.3. Intermediate 1. The next step involves stabilization
through the formation of intermediate like carbenium ion
(interm1, Figure 3). The principal interaction related to the
stabilization of the carbenium ion is Oy,-C [between the
oxygen atom in Si—O—Al bridge and the carbon atom of vinyl
moiety]. The topological properties at the O,-C BCP [p(r)
=0.0217 au; V2p(r) = 0.0715 au; H(r) > 0] are indicative of a
closed-shell interaction (weak electrostatic or ionic bond). The
H(r) value is positive, which suggests poor electron sharing
between guest molecule and the catalyst.

In addition, a large quantity of weak host—guest interactions
related to the confinement effects are observed. We found six
0y---H—C interactions; two Oz:--C; 1 O---nCC, Oy;---C; and
finally one Oy;---H;;—C. All of these interactions are of
electrostatic nature; however, interactions involving oxygen of
acid site are stronger than the other ones.

Buurmans et al. found for this intermediate an energy of 2.6
kcal mol™' when van der Waals interactions between the
carbocation and the zeolite framework are neglected; however,
after correcting for the vdW interactions, the energy decreased
to —21.2 keal mol™.?° This suggested the larger contribution
of vdW interactions in stabilization of the formed carbenium
ion. Our results, based on the identification and quantification
of weak host—guest interactions, confirm this observation. We
observed by contrast of TS1 that the contributions of weak
interactions to the confinement effect are higher than
interactions related to the reaction itself (78 vs 22% of total
density). The host—guest interactions contribute larger as the
organic molecules adopt a conformation, which optimizes the
strength of these interactions. In addition, the energy of
stabilization is low. Summarizing, the interactions related to
the confinement effects contribute significantly to the
stabilization of free carbenium ion inside the zeolite cavity.

3.2.4. Transition State (TS2). In this step, the Oy,-C
interaction is stronger than the same one at interml [p(r) =
0.0321 au; V?p(r) = 0.0934 au], whereas H(r) is slightly
negative. Within the AIM framework, such an interaction is

usually considered as closed-shell interaction (ionic inter-
actions) with some degree of covalence; thus, this interaction
strengthened in the TS2. This step of the reaction has a very
low activation energy, then the carbenium ion is highly reactive
giving rise to the alkoxide product in the next step of reaction.

Regarding the confinement effects, the TS2 species has two
different O---H—C and O-:-C bonds, which are characterized
by values of p(r) that are around 0.003—0.016 au, and all
interactions show characteristic of closed-shell interactions. In
general, the interactions related to the oxygen Oy, are stronger
than the other ones. Similar to the previous step, the
contributions of weak interactions to confinement effect are
higher than bond forming (69 vs 31%).

3.2.5. Intermediate 2. The formation of O,—C bond gives
rise to the alkoxide intermediate or interm2, then the major
contribution to the stabilization energy should be the one
involved in forming this bond.

The O,—C distance is shorter than the previous steps (1.52
vs 2.30 A in TS2 and 2.50 A in interm1), and the interaction is
stronger, as would be expected. In this case, the p(r) value is
large, V?p(r) < 0, and H(r) is negative with a large value,
showing characteristic of shared interaction or covalent bond.
This intermediate is stabilized by different types of non-
covalent interactions as Oy-H—C [where p(r) values range
from 0.021 to 0.002 au and V?p(r) and H(r) values are
positive], O,-+-C [where p(r) values range from 0.010 to 0.002
au], and finally two weak interactions with Oy;.

The main interaction related with the formed adsorbate—
catalyst bond signifies 69.2% of total electron density
contribution, while only 30.2% corresponds to interactions
related to confinement effects, demonstrating that the alkoxide
is stabilized via a covalent bond instead of electrostatic
interactions.

It is interesting to note that the adsorbate—catalyst bond in
alkoxide is weaker than the C,yyiene—Oeolire Pond observed on
protonation of ethylene on an acidic zeolite model.”* Thus, the
intermediate is bound to the catalyst, but due to the steric
restriction of aromatic ring or large size of guest molecule, it
results in a weaker interaction with the zeolite.

Summing up, our results showed that the number of
stabilizing contacts related to confinement effects changes
(between 11 and 9) during the reaction. Additionally, not only
HB interactions, but also several unusual interactions of
different types are found. All of them contribute to stabilize the
different steps of the reaction, where numerous O, atoms of
zeolite lattice participate on these bonding interactions. It is
demonstrated that energy stabilization by the zeolite lattice
related to confinement is particularly important in the free
carbenium ion (interm1). Besides, the intermediate 2 has been
also shown to be a truly alkoxide species with a C—O bond.

The results also reveal that protonation reaction of styrene
catalyzed by zeolites with large cavities are governed by
confinement effect. In other words, zeolite confinement effect
is a crucial factor that may affect the catalytic activity even on
zeolites with large pore size and void structure as H-Y.

3.3. Analysis from RCP and CCPs. As it can be seen in
the molecular graphs represented in Figure 3, several bond
critical points between the reactant and catalyst give rise to
several ring critical points, and consequently, additional cage
structures are formed inside the cavity. Considering the
analysis of RCP and CCP (Table 2), we arrive at similar
conclusions discussed previously.
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Table 3. Net Atomic Charges, q(Q), Obtained by Integrating the Electron Charge Density over the Atomic Basin (in au)

Q H-Y styrene free carbenium ion
Hy, +0.681 +0.041
Ou —1.509
Oz, —1.673
C, +0.008 +0.031
C, —0.010 +0.027
G, +0.000 +0.048
C, —0.003 +0.038
Cs +0.002 +0.046
Cs —0.005 +0.027
C, +0.002 +0.042
Cs —0.018 +0.051
H(C,) +0.000 +0.066
H(Cy) +0.005 +0.077
H(C,) +0.005 +0.087
H(Cs) +0.004 +0.079
H(Cy) +0.001 +0.070
H(C,) —0.003 +0.089
H(C,) +0.011 +0.090
H(Cy) +0.001 +0.090
229(€2) oxganic fragment 0.000 +0.999

7-complex TS1 interm1 TS2 interm2
+0.670 +0.384 +0.093 +0.053 —0.001
—1.559 —-1.614 —1.680 —1.678 —1.682
—-1.678 -1.677 —1.662 —-1.626 —1.444
—0.016 +0.011 +0.040 +0.036 —-0.018
—0.017 +0.007 +0.027 +0.030 +0.004
+0.016 +0.033 +0.047 +0.043 +0.021
+0.012 +0.032 +0.035 +0.031 +0.010
+0.023 +0.042 +0.045 +0.040 +0.017
—0.004 +0.022 +0.042 +0.037 +0.011
—-0.034 +0.047 +0.079 +0.090 +0.369
—0.063 -0.135 +0.064 +0.067 +0.073
—0.003 +0.024 +0.051 +0.046 +0.003
+0.029 +0.050 +0.061 +0.054 +0.026
+0.028 +0.048 +0.055 +0.042 +0.014
+0.016 +0.042 +0.045 +0.042 +0.015
+0.019 +0.053 +0.060 +0.057 +0.029
+0.033 +0.093 +0.118 +0.121 +0.051
+0.058 +0.102 +0.064 +0.087 +0.008
+0.024 +0.047 +0.046 +0.049 +0.053
+0.122 +0.902 +0.971 +0.925 +0.682

“Total charge of the organic fragment calculated as the sum of the atomic charge in all atoms of organic unit inside the zeolite.

In isolated H-Y zeolite, 44 RCPs are found. When the guest
molecule is adsorbed, 22 new RCPs (involving guest molecule
and zeolite atoms) and 5 CCPs appear in the z-complex. The
p(r) values at RCPs range from 0.000001 to 0.00S au. The
largest RCP value corresponds to the ring formed through the
bond paths between Hy;--#CC and O ,--H—C interactions
together with the O,,—Al—0y; skeleton (six-membered ring
or —H---O,,—Al-0,,—H,-xCC). In this case, the RCPs and
CCP range is low enough if it is compared to BCPs values, and
the Y p(r) value is about 0.1 and 0.01 au for RCPs and CCP,
respectively. All species involved in the reaction approximately
show similar values. In summary, the presence of RCPs and
CCPs provides additional stability to the system. In addition, it
is interesting to highlight that the three local minima in the
potential energy surface (most stable species) form ring
structures in which Y p(r) is about 0.97 au.

3.4. Net Atomic Charges Derived from QTAIM
Analysis. If we analyze how the net charge of organic
fragment is modified throughout the reaction, then interesting
conclusions are found. Net atomic charges, q(Q), obtained by
integrating the charge density over the atomic basin are given
in Table 3.

Through comparing the net charge distribution of isolated
styrene molecule with styrene in adsorbed z-complex, it can be
found that its electronic structure is subjected to changes upon
adsorption. It can be seen in Table 3 that C; and Cg carry the
highest negative charges after interacting with H-Y zeolite. The
electron density is transferred from the whole guest molecule
(the electron pair donor) throughout the zeolite surface (the
electron pair acceptor), which results in an increase in the net
atomic charge of styrene molecule (from 0 to +0.122¢).
However, q(Hz;) only decreases by 0.0l¢ (from +0681e in
isolated H-Y to +0.670 in z-complex) and q(Oy,) decreases by
0.05¢ (from —1.673¢ to —1.677¢); the electron density is
transferred to the atoms of zeolite framework involved in the
host—guest interactions mentioned above.

We also calculated Y'q(€2) in carbocationic fragments,
expressed as the sum of net atomic charges including all atoms
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of carbocationic fragments (CgH,"). The total net atomic
charge on the CgH," carbocationic fragment in TSI is +0.902¢,
and in interml, it is about +0.971e (while Y q(Q) in free
carbenium ion is +0.999¢, see Table 3). Thus, it can be
observed that zeolite helps to stabilize the positive charge of
carbocationic intermediate.

If we compare interml and interm2, then we can observe
that the total net atomic charge considered achieves +0.971e
and +0.682¢, respectively. That is, decrease by 0.29¢ and the
most significant changes are related to atoms involved in Oz,—
C bond forming (O, and C; atoms), showing the stabilization
of alkoxide species by the zeolite lattice.

4. CONCLUSIONS

In the present work, we studied the protonation reaction of
styrene inside the cavity of acidic H-Y zeolite. Density
functional theory calculation using M06-2X functional and
analysis of quantum theory of atoms in molecules are used to
investigate the confinement effects of zeolite framework on
species involved in the reaction. A detailed analysis of the
topology of the electron density of interactions among
reactants, TS, and intermediate products with the cavity of
H-Y zeolite is performed, extracting conclusions about
adsorption, catalysis, and confinement effects.

MEPs showed that although the organic molecules are large
enough, a large space of the zeolite cavity remains empty,
suggesting that confinement effects should not be of
paramount importance in this zeolite. However, results from
QTAIM analyses showed that the number of stabilizing
contacts related to confinement effects are of paramount
importance and change during the reaction. Additionally, not
only HB interactions but also several unusual interactions of
different types are found. All of them contribute to stabilize the
different steps of the reaction, where numerous O, atoms of
zeolite lattice participate on these stabilizing interactions. The
presence of numerous RCPs and CCPs provides additional
stability to the system.
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It is demonstrated that energy stabilization by the zeolite
lattice related to confinement is particularly important in the
free carbenium ion, where only interactions between a fraction
of atoms of zeolite lattice under the organic fragment are
observed, in contrast to the results obtained from smaller
zeolites such as H-f or H-ZM-S. Besides, intermediate 2 has
been also shown to be a truly alkoxide species with a C—O
bond. Along the reaction coordinate, the electron density is
transferred from the whole guest molecule throughout the
zeolite surface.

Identification and quantification of weak host—guest
interactions between zeolite framework and styryl cation
support the larger contribution of closed-shell interactions in
stabilization of the formed carbenium ion. Our results clearly
show that the reaction energies for all formed species inside a
zeolite with large void structure are also significantly governed
by the confinement effects related to weak host—guest
interactions. In other words, zeolite confinement effect is a
crucial factor that may affect the catalytic activity even on
zeolites with large pore size and void structure as H-Y.
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