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ABSTRACT: In the stride toward the production of low-carbon-footprint Ze°'i‘e'cag¢V’ed3"‘V'Phe“°'5dea'ky'aﬁ°“
commodity chemicals, the development of a complete wood biorefinery plays a \/@’ ) ©,0H Pad
pivotal role. The lignin fraction of wood can be depolymerized and
demethoxylated mainly into 4-alkylphenols. These phenolic compounds can ©\/\OH N Q J/
further catalytically be C-dealkylated within the H-ZSM-5 zeolite at relatively high =

AF A ~——

temperatures and in the presence of steam, producing phenol and olefins. | Water
Experimentally, the dealkylation reaction was found to have two striking features: IT v Assisted (@ Q
first, different reactants possess very different reactivity. 4-Ethylphenol (4-EP) is i Diffusion W
somehow less reactive than 4-n-propylphenol (4-n-PP), which is in turn much less

reactive than 4-isopropylphenol (4-iso-PP). Second, cofeeding of steam in the

reaction mixture was necessary to prevent rapid and reversible catalyst deactivation. Herein, a combination of static and dynamic
density functional theory (DFT) simulations is used to unravel the molecular and mechanistic origin of these observations. Free-
energy profiles obtained from static calculations confirm the experimentally observed reactivity sequence, where our computations
show that the secondary nature of the alkyl carbon involved in 4-iso-PP dealkylation strongly stabilizes the respective transition
states. To investigate the effect of water on the mobility of the reactive species and their interaction with the active site, we
investigated the diffusion of phenol along the H-ZSM-S straight channel in the presence of water loadings from 0 to 3 molecules per
zeolite unit cell. We show that water has a strongly beneficial effect in promoting desorption and diffusion of phenol away from the
Bronsted acid site through competitive adsorption and by the formation of hydrogen bond chains with the diffusing phenol. This
effect could lead to a shorter residence time inside the zeolite, preventing active site poisoning and condensation to bulkier
biphenylether moieties.
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1. INTRODUCTION to depolymerize lignin directly from the raw biomass without
significantly degrading the (hemi)cellulosic fraction in a
process called reductive catalytic fractionation (RCF).”'
If—for instance—birch wood is used, the product oil contains
mainly para-n-propyl derivatives of guaiacol and syringol
(Figure 1, left)'"'* that can then be demethoxylated using
Ni under hydrogen atmosphere, producing para-substituted
alkylphenols.®

The following step in the path toward the production of
commodity chemicals consists of further defunctionalization of
alkylphenols to obtain basic building blocks useful for the
chemical industry. Recently, highly efficient gas-phase deal-
kylation of alkylphenols was proposed, catalyzed by acidic
zeolites (Figure 1, right).13_16 Among the many tested
aluminosilicates, higher selectivity was achieved with the H-

The depletion of easily accessible crude oil reservoirs around
the world, joined with the increasing levels of anthropogenic
CO, in the atmosphere, is exacerbating the need for new and
renewable sources of carbon-based commodity chemicals."”
Being the core of many polymeric materials, aromatics are
indispensable for the chemical industries but are nowadays
almost exclusively obtained from fossil resources.’” The
identification of sustainable and aromatic-rich raw materials
is therefore crucial.

Among all natural polymers, lignin is likely to become such a
source of aromatics. Together with (hemi)cellulose, it is one of
the main polymeric components of the plant cell wall, and it is
generally discarded or used as a low-value fuel in the paper-
production process.”” Nevertheless, it possesses the highest
percentage by weight of aromatic units with respect to all other
natural polymers. Lignin exploitation has been hampered by its Received: August 4, 2022
heterogeneity and chemical stability that made it difficult to Revised:  October 11, 2022
design a straightforward, selective, and efficient depolymeriza-
tion process.” Despite this, the entirely new concept of lignin-
first biorefinery has been developed in the past few years.”

Thanks to advanced catalytic systems, it has become possible
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Figure 1. Schematic representation of the lignin-to-chemicals process. The lignocellulosic biomass undergoes reductive catalytic fractionation
(RCF, blue box). In the process, lignin is depolymerized in a mixture of lignin monomers, while the (hemi)cellulosic fraction is recovered for
further usage. The lignin monomers can be demethoxylated with a Ni catalyst under hydrogen to produce alkylphenols, which are then further
dealkylated using the H-ZSM-S zeolite at high temperatures and in the presence of steam (red box).

ZSM-S zeolite with a moderately high Si/Al ratio (vide infra).
It was also found that the presence of steam is important to
prevent rapid catalyst deactivation. The reaction requires fairly
high temperatures (500—600 K depending on the substrate)
for the entropic gain to overcome the positive enthalpic
variation."> The products, phenol and olefins, are both very
valuable and requested by many industrial chemical processes.”

When 4-ethylphenol (4-EP), 4-n-propylphenol (4-n-PP),
and 4-isopropylphenol (4-iso-PP) are used as model reactants
for the dealkylation reaction (Figure 2a), it was experimentally
observed that they present very different reactivities.'”"
Specifically, 4-EP is the less reactive reagent, reaching ~50%
conversion at about 650 K (over H-ZSM-5 with Si/Al = 40). 4-
n-PP is slightly more reactive, ~50% of conversion being
achieved around 575 K. 4-iso-PP, finally, is extremely active
and almost full conversion can already be observed below 500
K. The reasons underlying such a large reactivity difference,
however, were not fully understood.

A further option in the path toward commodity chemicals
that was recently explored consists in avoiding the demethox-
ylation step and simply demethylate the lignin-derived 4-
alkylguaicols.'” This produces 4-alkylcatechols, that can be
dealkylated in a similar fashion as the 4-alkylphenols to
produce catechol and olefins. While the presence of the second
hydroxyl group leads to a more complex chemistry and lower
yields are observed, it does not seem to extensively influence
the reactivity toward dealkylation, which is similar between 4-
n-PP and 4-n-PC (4-n-propylcatechol).'”

Another peculiar aspect of the alkylphenol dealkylation
reaction, which remarkably differentiates it from dealkylations
on purely hydrocarbon substrates, is that steam is required to
prevent quick and reversible catalyst deactivation. This was
attributed to water preventing the condensation of phenol to
diphenylether, by both disfavoring the reaction equilibrium as
well as promoting phenol desorption from the zeolite active
sites.'> This effect is very prominent, as Arrhenius activation
energies measured for the dealkylation of 4-n-PP"> resulted to
be higher in the presence of water (from 67—68 to 99—103 kJ-

mol™") but, on the other hand, the measured dealkylation rate
was faster as in the absence of water an almost instantaneous
poisoning of the dry catalyst was observed. While the impact of
water on intrinsic reactivity is an active field of research,"™*°
its effect on diffusivity of reactive compounds is still relatively
unexplored.

Within the field of zeolite catalysis, ab initio periodic
calculations using density functional theory (DFT) have been
extensively used to provide valuable mechanistic insights for a
wide range of industrially relevant reactions.””*” To the best of
our knowledge, the chemistry of alkylphenols in zeolites has
not received—from a computational perspective—a large
attention so far. The investigations have mostly focused on
the alkylation of phenol with alcohols, such as methylation
over H-FAU™ and tert-butylation over H-BEA.”* On the other
hand, a well-characterized reaction is the alkylation of benzene
with olefins,”>**** used industrially to produce ethylbenzene.
This reaction represents a relevant means of comparison for
our case study as it consists in the opposite process with
respect to dealkylation. Based on its known mechanistic
features, it can be assumed that the dealkylation of
alkylphenols can proceed through three possible pathways
(Figure 2b): initially, the molecule is protonated at the para
carbon by the BAS, forming an arenium ion commonly known
as Wheland complex (II). This intermediate is a key
representative of the rich carbocation chemistry within zeolite
pores®™®' and its existence has recently been proven
experimentally during benzene ethylation in H-ZSM-$ through
UV—vis spectroscopy”” and by our group throu(gh enhanced
sampling simulations at operating conditions.”” Given the
higher nucleophilicity of phenol with respect to benzene, the
Wheland complex formation should be even more prominent
in this case. After protonation, the substrate can then undergo
a concerted dealkylation step (TS2 in Figure 2b) to
immediately give the final products (III). Alternatively, the
alkyl group can be transferred to the zeolite framework,
forming a surface alkoxide species (SAS, IV) that can
subsequently deprotonate to give the final alkene. Finally,
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Figure 2. (a) The four reactants considered in this work, namely, 4-ethylphenol (4-EP), 4-n-propylphenol (4-n-PP), 4-isopropylphenol (4-iso-PP),
and 4-ethylcatechol (4-EC). (b) Three possible mechanistic pathways for the conversion of an alkylphenol (I, 4-EP is used as the model reagent)
into phenol and an alkene (III) are investigated: they all start with the formation of a Wheland complex (II) that can undergo concerted
dealkylation (TS2), a stepwise path (TS3, TS4) with the formation of an intermediate surface alkoxide species (SAS, IV) or an intramolecular

dealkylation (TSS), which leads to ortho-protonated phenol (V).

inspired by the work of Kolboe et al,** we also investigated an
intramolecular dealkylation where the alkyl tail transfers its
excess proton to the ortho position of the aromatic ring (TSS
and intermediate V in Figure 2b). The latter can then transfer a
proton back to the zeolite framework to give the final products.

To gain a better understanding of the preferred mechanism
and the reactivity differences between various substrates during
the H-ZSM-S-catalyzed alkylphenol dealkylation, we thor-
oughly investigated the behavior and reactivity of 4-EP, 4-n-PP,
4-is0-PP, and 4-EC (4-ethylcatechol) employing static and
dynamic periodic DFT calculations. While the former
represents a computationally efficient tool to unravel activation
and adsorption energies of reacting species, the latter allows to
better explore the flat potential energy surface (PES) in the
catalyst pores for highly mobile species, thus better
reproducing their behavior at realistic operando conditions.”*
We show that the static results allow to rationalize the
reactivity differences between the various alkylphenols, with

14229

reaction barriers that are in line with the experimental kinetic
measurements.

To obtain insight into the effect of water on the adsorption
and diffusion of phenolic compounds, umbrella sampling (US)
molecular dynamics simulations were performed to study the
diffusion of phenol through the zeolite pore system in the
anhydrous and hydrated case. Molecular dynamics simulations
at operating conditions are quintessential to account for the
high mobility of water in the pores of the zeolite. Water is
shown to greatly improve the desorption and diffusion of
phenol away from the BAS. This is caused by competitive
adsorption between water and phenol on the BAS and, at the
same time, to the formation of hydrogen bond chains between
water and the phenol hydroxyl group when the latter moves
away from the active site.

2. COMPUTATIONAL DETAILS

Three main types of periodic DFT calculations have been
performed to investigate the reactivity differences between the

https://doi.org/10.1021/acscatal.2c03844
ACS Catal. 2022, 12, 14227-14242
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considered alkylphenolic reactants (see Figure 2a) and to
assess the impact of water on phenol diffusion. First, regular
molecular dynamics (MD) simulations have been used to
investigate the behavior of the main possible dealkylation
intermediates (Figure 2b) and obtain insights in their stability
and behavior at operating conditions. Then, static calculations
allowed to compute the free-energy barriers for the whole
dealkylation mechanism, providing some interesting reactivity
trends, while being significantly less computationally demand-
ing than MD simulations. Finally, to assess the role of water on
phenol diffusion, the static approach is insufficient due to the
high mobility of the water molecules and their strong
interaction with the BAS, which can also result in its complete
abstraction from the framework.””*>® On the other hand, the
diftusion of aromatics along the H-ZSM-S straight channels is
also an activated process;’’ therefore, it is impossible to sample
the diffusion of phenolic compounds during a regular MD
simulation. To simulate diffusion of phenol in the presence of
water at operating conditions, we have used umbrella sampling
molecular dynamics simulations according to a procedure
introduced earlier by some of the presenting authors.***”

2.1. Catalyst Model. All simulations are performed in a
periodic H-ZSM-5 model, that allows to account for the
confinement effects induced by the zeolite three-dimensional
pore structure. The H-ZSM-5 zeolite possesses an MFI
topology, consisting of straight 10-rings channels intersected
by sinusoidal ones. The unit cell contains 96 tetrahedral silicon
atoms connected by oxygen bridges. As previously done,*>*!
we substituted the Si at the T12 position with an aluminum
atom obtaining a Si/Al ratio of 95. This is comparable with the
experimental Si/Al ratio of 40,15 which should mainly
correspond to isolated active sites. The T12 site is located at
the channel intersection and it ensures maximal accessibility
for the substrate (Figure S1).*” The negative charge created by
the Al substitution is compensated by the addition of a proton
on the Oy, adjacent to the defective site. The unit cell
parameters used in the static simulations are analogous to the
optimized ones reported in ref 43 (a = 20.02 A, b = 2025 A, ¢
= 1349 A, o = 89.87°, B = 89.69°, and y = 90.10°).

2.2. Static Calculations. All of the computed reaction
barriers were obtained by means of static periodic DFT
simulations. We used the Vienna Ab initio Simulation Package
(VASP 5.4.4)*7* with the Projected Augmented Wave
(PAW) method.””*® The Perdew—Burke—Ernzerhof (PBE)*’
exchange-correlation functional coupled with Grimme’s D3
dispersion scheme® was employed in all calculations. The
plane wave energy cutoff was set to 600 eV, while the self-
consistent field (SCF) convergence threshold was set to 107>
eV. To ensure that the same truncated basis set is used in all
calculations, we fixed the cell volume and parameters at their
optimized values (vide supra). Because of the large unit cell
dimensions, the sampling of the Brillouin zone was restricted
to the I'-point.

The transition states search and optimization was performed
using the improved dimer method.”' Initial guess structures
were prepared with the ZEOBUILDER software.’” The
optimized geometries were then further refined using a
quasi-Newton algorithm.>> The reactant and product states
for each optimized transition state were generated by slightly
displacing the structure along the normal mode with imaginary
frequency corresponding to the transition-state crossing and
then fully optimized with the conjugate gradient method. In all
cases, the geometry optimization was stopped when the energy

difference between two subsequent steps was lower than 107
eV.

Each stationary point was characterized with a normal mode
analysis (NMA) in the harmonic afproximation. A partial
Hessian vibrational analysis (PHVA)>" was used, including the
adsorbed molecules and a T8 cluster around the BAS position.
This choice was shown to be sufficient to obtain good results
for the calculated thermodynamic properties.”> A minimum in
the potential energy surface (PES) should be characterized
exclusively by positive vibrational frequencies, while a
transition state by a single imaginary frequency along the
reaction coordinate. In some cases, however, the flat PES in the
zeolite pores makes it extremely difficult to remove all
imaginary modes with very low frequency, even after multiple
reoptimizations of the system. Those modes correspond with
(almost free) rotations and translations of the adsorbed species
in the zeolite pores. We then considered an optimization
converged if, after two subsequent reoptimization attempts
following the residual undesired imaginary mode(s), the
computed energy variation was lower than 1 kJ-mol™'. The
remaining imaginary frequencies were replaced with an
arbitrary value of 60 cm™, as proposed by De Moor et al.>®

The same procedure was performed for other low-frequency
modes (below 60 cm™) similarly to what has already been
proposed in the literature, to reduce the numerical uncertainty
and their impact on the calculation of the entropy.”*~>* Finally,
the normal modes spectrum was used to calculate enthalpy,
entropy, and free energy of adsorption for each species at the
reaction temperature,” as implemented in our in-house-
developed software TAMkin.*’

2.3. Molecular Dynamics Simulations. To study the
behavior and stability of adsorbed species in the zeolite fully
taking into account their mobility and the flexibility of the
catalyst, ab initio molecular dynamics (AIMD) simulations
were performed. The CP2K software package (version 5.1)°"%*
was used, combining plane waves with a Gaussian atom-
centered basis set (GPW).°*** In line with the static
calculations, energies and forces were evaluated at a PBE-
D3""% level of theory, where we however resort to its revPBE
parametrization because of its improved results.”” A DZVP
quality basis set with GTH pseudopotentials®® was adopted
and the plane wave energy cutoff set to 350 Ry. All simulations
were performed in the NPT ensemble with a time step for
integration of the equation of motion set to 0.5 fs. The
temperature was controlled by a chain of five Nosé—Hoover
thermostats,””*® while the pressure was controlled by an MTK
barostat.*’

2.4. Umbrella Sampling. The effect of water coadsorbed
on the active site with phenol in potentially assisting and
favoring desorption and diffusion of the latter was probed
using umbrella sampling (US) simulations.”””" As a model
system, a single phenol molecule was placed in proximity of the
active site and, for the hydrated cases, one, two, or three
additional water molecules were also introduced in its
proximity.

In US, a set of quadratic bias potentials (V; (CV)) defined as

Ki 2

V(CV) = —(CV = CV;;
;( ) 2 ( 0,;) (1)
is applied along an a priori defined collective variable (CV).
Each bias is characterized by a harmonic spring constant k; and
it is centered at the CV value CV,;. In this case, the CV was
chosen to effectively describe the diffusion of phenol along the

https://doi.org/10.1021/acscatal.2c03844
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straight channel of H-ZSM-5, moving from the channel
intersection with the BAS to the adjacent one, as schematically
illustrated in Figure 3. While ad hoc CVs have been reported to

L ey

Figure 3. x component of the distance between the geometric center
(c) of the phenol C and O atoms (in orange) and the geometric
center of the double ring separating the two channel intersections in
the H-ZSM-S unit cell (in blue) is chosen as CV to describe the
diffusion of phenol along the zeolite straight channel. The location of
the Al tetrahedra and the BAS is highlighted in ball-and-stick
representation, while the rest of the framework atoms (only half of
them is shown) are in gray for the sake of clarity.

study diffusion in other zeolite frameworks,”**” we here found

that using the x component of the distance between the
geometric center of the C and O phenol atoms and the
geometric center of the skewed double ring that separates two
channel intersections in H-ZSM-S is effective in describing the
diffusion process along the straight channel (Figure 3).

A set of 12 umbrellas were used to sample the diffusion from
the channel intersection with the BAS (CV ~ —6 A) up to CV
~ 3 A (being solely interested in the diffusion barrier, the
actual diffusion in the second intersection was not considered),
whose CV,; and k; parameters are reported in Table S4. These
parameters were kept the same independently of the water
loading in the unit cell. An AIMD was then performed in each
one of the umbrellas. To speed up the simulations, a switch
was made to the NVT ensemble, where the average cell lengths
of the 653 K MD simulation of 4-EP were used (20.22, 20.40,
13.60 A). Cell angles were fixed to 90°, as the average values
were negligibly different from 90° (<0.1°) and an ortho-

rhombic unit cell symmetry remarkably reduces the computa-
tional time in CP2K.

A 100 ps long MD simulation was performed for each
umbrella and the first 2.5 ps was excluded as equilibration time.
To obtain reliable statistics out of the simulations, it is
important that the CV time series are subsampled to
decorrelate the datapoints. This was done using the Pymbar
library.”>”® The molecular motion in the zeolite channel is a
slow process and, therefore, very high statistical inefliciencies
were obtained (~0.3 ps). Hence the long simulation time per
umbrella. The decorrelated time series were then used to
obtain the final free-energy profiles (FEPs) through the
weighted histogram analysis method (WHAM), as imple-
mented in our in-house-developed ThermoLIB library.”*
Additional benchmark calculations were performed to validate
that the resulting FEPs negligibly depend on the plane-waves
cutoff (Section S5.2). The error estimate on the FEP was also
computed with the ThermoLIB using the Fisher information
matrix of the maximum likelihood estimator (MLE).”* An
additional set of US simulations were performed to investigate
the impact of water on TS2 for 4-EP, 4-n-PP, and 4-iso-PP, as
in all cases, it was found to be the most favorable dealkylation
path (vide infra). The related computational details are
extensively reported in Section S4.1.

3. RESULTS AND DISCUSSION

3.1. Mobility and Stability of Reaction Intermediates
at Operando Conditions. As explained in the introduction
(Figure 2), various intermediates can be expected to occur in
the H-ZSM-S catalyst during alkylphenols dealkylation. To
gain preliminary insights into their behavior and stability at
operando conditions, AIMD simulations were performed on
the reactive alkylphenols, on the para-protonated Wheland
complexes and on the SAS that can be formed during the
dealkylation of 4-EP, 4-n-PP, and 4-iso-PP. Moreover, alkyl
cations corresponding to the protonated product alkenes were
also simulated, to understand whether their existence might be
possible at relatively high reaction temperatures. Each
simulation was carried out for 40 ps at a temperature of 653
K and/or 900 K. The former corresponds to the one at which
the least reactive 4-EP reaches full conversion experimentally,'*

a. alkylphenols

b. Wheland complexes

¢. surface alkoxides

Normalized histogram count (a.u.)

13 15 1.7 1.9 13 15

C-C distance (A)

C-C distance (A)

1.7 1.9 1.25 15 175 2.0 2.25
C-O distance (A)

Figure 4. Wheland complex and surface alkoxide intermediates of 4-iso-PP present, on average, an elongated reactive bond. This can be seen in the
normalized histogram distributions of relevant bond lengths (highlighted with a dark color in the structures drawings) observed in the 653 K MD
simulations of (a) neutral alkylphenols, (b) Wheland complexes, and (c) surface alkoxides of 4-EP (blue), 4-n-PP (red), and 4-iso-PP (green). The
dotted gray line is centered at the maximum of the 4-EP distribution and it is only meant to guide the reader’s eye. The values reported near the
structures drawings are the bond lengths at which the various distributions reach their maximum.
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while the latter was selected to increase the probability of
sampling rare events during the simulation time.

3.1.1. 4-Alkylphenols. A single molecule of 4-EP, 4-n-PP, or
4-iso-PP was introduced in the zeolite channel intersection,
close to the BAS location. All of them resulted to be stable
during the simulation at 653 K. The observed mobility in the
zeolite pore system is low in all cases, as none was able to
diffuse away from the channel intersection (see Figure S2). 4-
EP and 4-n-PP positioned themselves with the alkyl tail aligned
along the straight channel. This configuration allows them to
strongly interact with the BAS, mainly through a hydrogen
bond with their hydroxyl group. Despite such hydrogen bond
being the prevalent interaction, the molecules have enough
freedom to slightly move back and forth along the straight
channel, occasionally exposing the aromatic 7 cloud to the BAS
(Figure S3a,b). The possibility of the molecule to interact with
the BAS through the aromatic 7 cloud is important as the
transfer of the BAS proton to the ring represents the initial step
of the dealkylation reaction.

4-iso-PP behaves quite differently. Its isopropyl tail, indeed,
is too hindered to be easily accommodated into the straight
channel and pushes the aromatic ring forward (Figure S2c).
This prevents the formation of a strong hydrogen bond
between the BAS (mainly because of its location in our model)
and the OH group of 4-iso-PP, with an O--H distance
constricted between 2 and 3 A (Figure S3c). On the other
hand, the hindrance of the isopropyl tail has a low impact on
the C—C bond involved in the dealkylation reaction, whose
length distribution is fundamentally identical to 4-EP and 4-n-
PP (Figure 4a).

In the 900 K simulations, interestingly, we observed
protonations and deprotonations of the aromatic ring for 4-
n-PP and 4-iso-PP (Figure S4). This indicates that the
protonation of the aromatic ring is a low-activated process
and an equilibrium between protonated and neutral
alkylphenols may exist in the confined pores. In both cases,
the ortho position was protonated. This can be expected as the
positive charge in the ring is stabilized by the presence of the
hydroxyl group. Moreover, there are two equivalent ortho
carbon and only one para carbon, making the protonation on
the former likelier to occur.

3.1.2. Wheland Complexes. For each of the three reactants,
the relative para-protonated Wheland complexes were
simulated, both at high and low temperatures. They are all
stable during the whole simulation at a low temperature and, as
the neutral reactants, their mobility is limited to the channel
intersection. In the high-temperature simulations, 4-EP and 4-
n-PP remained stable during the whole simulation. For 4-iso-
PP, we observed proton hopping from the para to the meta
carbon after 35 ps of simulation. The meta protonated arenium
ion remained stable for 4 ps, after which the proton hopped
again back on the para carbon. Differently from the simulation
of the reactants, no deprotonation/protonation events were
observed in this case, which is most likely due to the relatively
short simulation times.

By analyzing the C—C bond distance of the 653 K
simulations, it is observed that in all of the cases, the average
bond length is longer than the neutral reactants, increasing
from 1.53—1.54 to 1.59—1.62 A (Figure 4b). Such an increase
is to be expected because of the change in the para carbon
hybridization. The 4-protonated 4-iso-PP has, in this case, a
significantly elongated C—C bond than the other two reactants

(Figure 4b), pointing toward a higher reactivity of the
intermediate.

3.1.3. Surface Alkoxides. Surface alkoxide species were
simulated in the presence of a phenol molecule coadsorbed in
their proximity, to mimic the dealkylation intermediate III
(Figure 2b). The differences between the reactive bond lengths
become even more accentuated than for the Wheland
complexes, with the surface isopropoxide having an average
C—0 bond length of 1.59 vs 1.54 A for the ethoxide and n-
propoxide (Figure 4c). The general increase in the analyzed
bond lengths for the 4-iso-PP intermediates can be attributed
to two main effects caused by the double substitution on the
central alkyl carbon. First, the two methyl groups produce a
larger steric hindrance and, second, the incipient positive
charge on the central carbon is stabilized by the inductive
effect of two substituents instead of one, as in the case of 4-EP
and 4-n-PP. Interestingly, during the 900 K simulation of the
surface isopropoxide, a complete breaking of the C—O bond
was observed after ~3 ps (Figure SS). The newly formed
isopropyl cation remained stable for ~4 ps, after which a
proton was transferred back to the framework, leading to the
formation of propene and phenol (Figure SS). This large
decrease in the stability of the surface alkoxides based on the
number of alkyl substituents on the framework-bounded
carbon is in good agreement with the observations made by
Cnudde et al. for the intermediates involved in the alkenes
cracking reaction”” and points, again, toward a higher reactivity
of the 4-iso-PP intermediates.

A similar analysis was performed for the alkyl cations (see
Section $2.3), where it was found that they are, in general, not
stable. Only the isopropyl cation can survive for a limited
amount of time during the molecular dynamics simulations.

In this section, we have analyzed the stability and behavior
of the reaction intermediates that might be formed in the H-
ZSM-5 zeolite during the dealkylation reaction of 4-EP, 4-n-
PP, and 4-iso-PP. The reactants, 4-protonated Wheland
complexes, and surface alkoxides represent minima in the
free-energy surface at reaction conditions, thus constituting
relevant reaction intermediates. Except for the likely
metastability of the isopropyl cation, alkyl cations are not
stable and will then not be explicitly considered in our
mechanistic investigation. By looking at the bond length
distribution of the reactive Wheland complexes and surface
alkoxides, it can be seen how the 4-iso-PP intermediates
present a slightly elongated reactive bond, which is attributed
to steric hindrance and inductive stabilization of the incipient
positive charge formed on the reactive carbon when the bond
is stretched.

3.2. Free-Energy Profile of Alkylphenols Dealkylation
from Static Calculations. As shown in the introduction
(Figure 2b), three possible mechanisms for the dealkylation of
alkylphenols are investigated based on previous studies
performed on the alkylation of benzene. To summarize, the
aromatic ring of the alkylphenol (I) is initially protonated on
the para position (TS1) to form an intermediate Wheland
complex (II). This intermediate can undergo a concerted
dealkylation (TS2), immediately giving the final phenol and
alkene products (III). Alternatively, the alkyl group can be
transferred to the zeolite framework (TS3) forming a surface
alkoxide species (IV) which, by concerted scission of the C—O
bond and deprotonation (TS4), leads again to the final alkene
product. Finally, an intramolecular mechanism is also
considered, where a proton of the alkyl tail is transferred to
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Figure S. Free-energy profiles (653 K) for all possible dealkylation mechanisms of (a) 4-EP, (b) 4-n-PP, and (c) 4-iso-PP. The reference value for
the free energies corresponds to the empty zeolites and the reacting alkylphenol in gas phase. Activation energies and free energies of the
intermediates are reported in kJ-mol™". For the sake of clarity, TSS is reported on the right of the profiles, despite its reactant state corresponding to

the reactant states of TS2 and TS3.

the ortho position of the aromatic ring instead of the zeolite
(TSS).

The energetics of all of these transition states were
computed through static calculations, as well as the reactants
and products connecting them for 4-EP, 4-n-PP, and 4-iso-PP,
as described in Section 2. The free-energy profiles for the three
species are shown in Figure S and the explicit activation free
energies are listed in Table 1. All free-energy values, together
with the respective enthalpic and entropic contributions, are
listed in Table S2. A graphical visualization of the optimized
transition-state geometries is provided in Figure 6.

For all reactants, the protonation of the aromatic ring (TS1)
is relatively low activated, with barriers of 46 kJ-mol™* for 4-EP

and 4-n-PP and 35 kJ-mol™" for 4-iso-PP, in good agreement
with the observations made from the MD simulations. The
Wheland complex was always localized as a stable inter-
mediate; however, its energy can vary substantially, e.g,
variations up to 35 kJ-mol™" in the case of 4-EP, depending
on its specific orientation in the zeolite framework. Such large
dependencies of the computed energies on the orientation of a
molecule in the zeolite framework is well-known for static
calculations.®® Here, this difference in orientation originates
from the fact that the reactant and product geometries are
relaxed directly from the respective transition state, thus
ending up in different local minima on the flat potential energy
surface of the channel intersection. A clear example is the
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Table 1. Forward (AF{) and Backward (AF{) Activation Free Energies (kJ'mol~') for the Various Transition States of the

Dealkylation Process, as Obtained from Static Calculations”

TS1 TS2 TS3 TS4 TSS
reactant AF} AF AF} AF; AF} AF} AF} AF AF AF; AFE,
4-EP 46 4 101 76 58 67 105 74 124 69 141
4-n-PP 46 4 91 101 56 71 77 74 109 63 135
4-is0-PP 35 3 49 62° 41 4 547 46" 105 33 100
4-EC 56 —2° 95 89 47 61 129 70 137

“AF?, is the overall free-energy barrier to overcome from the reference gas-phase molecules to TS2, which in all cases is the lowest activated. Note
that these values refer to the reactant and product states obtained from the TS optimization and, therefore, do not necessarily correspond with the
barriers reported in Figures 5 and 7. bReferred to the actual reactants, not the metastable isopropyl cation found as intermediate minimum. “Artifact

due to the frequency calculation (see main text).
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Figure 6. Relaxed transition-state geometries for the dealkylation of 4-EP, 4-n-PP, and 4-iso-PP. Relevant distances are reported in A. For the sake
of clarity, only the portion of framework surrounding the channel intersection is shown; a schematic representation of the straight and sinusoidal

channel orientations is provided in the top figure.

reactant state of TS3 that, in all cases, is higher in energy than
the reactant state of TS2 and the product state of TS1. The
reason for this is that, to expose the alkyl tail toward the
framework, the Wheland complex must rotate producing a
hindered configuration where the acidic proton on the para
carbon is no longer interacting with the oxygens in the first
coordination sphere of the Al defect (compare with Figure 6).
For the discussion of the reaction barriers hereafter, we
systematically used the lowest energetic structure as reference
(Figure S). Furthermore, we opted to consider similar
orientations for analogous transition states across the various
reactants to allow a systematic comparison between the various
alkylphenolic compounds. It can indeed be reasonably
assumed that the interconversion between the local minima

14234

obtained when optimizing from different transition states is
much faster than overcoming the actual reaction barriers.

For the dealkylation of 4-EP (Figure Sa), the concerted
dealkylation (TS2) is somehow favorite with respect to the
other two investigated mechanisms. With a computed free-
energy barrier of 101 kJ-mol™" (referred to as the Wheland
complex IT), the rate is slower than the formation of a surface
ethoxide species (SES) in the stepwise mechanism (TS3, 92 kJ-
mol™"). However, forming the SES is also an endergonic
process (+20 kJ-mol™) and its subsequent deprotonation
(TS4) presents a barrier of 105 kJ-mol™" (referred to as the
surface ethoxide intermediate IV). Therefore, an overall barrier
of 125 kJ-mol ™" must be overcome to move from the Wheland
complex (II) to the products (III) through the stepwise path.
Finally, the intramolecular mechanism (TSS) has the highest
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activation energy (134 kJ-mol™') and the deprotonation of the
ortho-protonated phenol formed in the reaction was then no
longer investigated. Overall, the main mechanistic features of
the reaction are preserved with respect to the alkylation of
benzene with ethene, for which Wang et al.” obtained a
qualitatively similar profile using static simulations at a PBE-
D3 level of theory.

Similar considerations can be made for the reaction profile
of 4-n-PP (Figure Sb). Interestingly, the reaction barriers
related to the C—C bond scission (TS2, TS4, and TSS) are all
lower than in the 4-EP case (=5 kJ-mol™" for TS2, —25 kJ-
mol™" for TS4 and TSS). As expected, forming a more
substituted alkene (isopropene vs ethene) is energetically
advantageous. Despite its comparably lower stabilization, TS2
remains the most favorable dealkylation path, with an
activation energy of 96 kJ-mol™". 102 kJ-mol™" is needed to
reach TS4 from the most stable Wheland complex state, while
the intramolecular TSS has again the highest activation free
energy, ie, 109 k_]-mol_l. The transition-state geometries are
quite similar to 4-EP, where we however observed a small but
systematic increase in the C—C or C—O bond that must be
broken to form isopropene (0.06—0.07 A, Figure 6)

When comparing the profiles for 4-EP and 4-n-PP, our
results show that when starting from the neutral adsorbed
reactants, 133 kJ-mol™' is needed to reach TS2 for 4-EP and
132 kJ-mol ™" for 4-n-PP (141 and 135 kJ-mol ™" starting from
the gas-phase reactants, Table 1). This difference is very small
and largely within the typical DFT uncertainty. However, when
comparing the reaction barriers, there is a clear decrease in the
barriers when moving from 4-EP to 4-n-PP, which is in line
with the moderate reduction in temperature required
experimentally to reach 50% conversion (from ~650 K for
4-EP to ~575 K for 4-n-PP). On the other hand, experimental
kinetic analysis of the reaction showed that 4-EP has an
apparent activation energy of 60+3 kJ-mol ™", while 4-n-PP has
an apparent activation energy of 98 + 6 kJ-mol™', with the
observed increase in rate mainly due to entropic reasons."
This large difference was tentatively attributed to the different
heat of adsorption between the two molecules, as when
considering their dehydroxylated counterparts, ethylbenzene
has a higher heat of adsorption than n-propylbenzene.”®”” This
large difference in adsorption energy does not clearly emerge
from our computations, where 4-n-PP has an adsorption
enthalpy of —135 kJ-mol™', while 4-EP has an adsorption
enthalpy of —121 kJ-mol™' (Table S1), a difference mainly
originating from the difference in dispersive interactions. It
seems then that other factors must be into play when
comparing the theory results with the experimental kinetic
data. The likelier source of error could lie in our estimate of the
adsorption enthalpy, which might be heavily biased when
working in the harmonic approximation and accounting for a
single conformation of a relatively mobile adsorbate.”® In
principle, one could go beyond this approach using MD
simulations and a higher level of theory to more accurately
account for long-range interactions.””*’ This is however well
beyond the scope of the present study.

Finally, 4-iso-PP presents, in general, very reduced barriers
(green scheme in Figure 5) with respect to the other two
reactants. Only 66 kJ-mol™" is needed to activate TS2 and TS3,
while TS4 proceeds with an activation energy of 61 kJ-mol™".
As in the previous cases, the formation of the surface alkoxide
is endergonic, leading to an overall barrier of 85 kJ-mol™" to
undergo stepwise dealkylation. The intramolecular dealkylation

still has a very high activation energy compared to the other
mechanisms (105 kJ-mol™"). Therefore, also in this case, the
concerted path is computed to be the lowest activated.
Furthermore, the large decrease in activation energy (only 100
kJ-mol™" separate the gas-phase reactants from TS2, see Table
1) agrees very well with the experiment, where almost full
conversion was reached already at less than 500 K. The
transition-state geometries of TS2, TS4, and TSS present very
elongated bond lengths (~3 A, Figure 6) indicating—not
surprisingly—a larger charge accumulation on the more
substituted reactive carbon. The increase in stability moving
from primary to secondary carbenium ions is sufficient to
create, for both TS2 and TS4, a metastable isopropyl cation
moiety that was formed in the optimization toward the
reactant basin (Figure S). Frequency analysis revealed that this
is indeed a minimum. However, a minimal perturbation of the
C—C (for TS2) or C—O (for TS4) bond length followed by a
geometry optimization brings the system in the expected
reactant state, confirming that the isopropyl cation minimum is
extremely shallow.

Our calculations show overall a good qualitative agreement
with the reactivity differences observed experimentally. For 4-
iso-PP, the pronounced reactivity is easily explained by the
stabilization of the transition states caused by the double
hyperconjugation with the methyl groups. The stabilization is
strong enough to make the isopropyl cation a possible
metastable intermediate for the reaction. In the 4-n-PP case,
the methyl group cannot directly conjugate with the carbon on
which the partial positive charge is located. Nevertheless, it can
still interact with the forming 7 orbital of the incipient double
bond, stabilizing both the transition state and the produced
substituted olefin. While this is possibly not the main reason
for the increase in reactivity observed experimentally, it
indicates that 4-n-PP should be intrinsically slightly more
reactive that 4-EP toward dealkylation. A similar trend was also
observed by Arstad et al.*° for the alkylation of benzene with
ethene and propene over a cluster model of the zeolite.

From a mechanistic perspective, it is very likely for all of the
investigated reactants to undergo concerted dealkylation
(TS2), as the energy requirement is in all cases lower than
TS4. Differently from the ethylation of benzene, the concerted
path does not require the substrate and ethylating agent to
come together in proximity of the active site, which was found
to potentially hamper the reaction progress and favor the
stepwise path.”” On the other hand, SAS formation (in
equilibrium with the Wheland complex and neutral alkylphe-
nol) seems plausible, TS3 being similar in energy with respect
to TS2, but the endergonic character of the reaction makes its
concentration in the pores likely small. This is potentially
different than in benzene ethylation, where the stepwise path
becomes more favorable at high ethylating agent concen-
trations and where the presence of surface ethoxide species was
detected through NMR spectroscopy.””

While demethoxylation of the lignin compounds can lead to
the alkylphenols investigated so far (Figure 1), it has also
recently been shown that the alkylcatechol compounds
obtained after O-demethylation of the lignin-derived alkyl-
guaiacols can also be C-dealkylated in a similar fashion.'” To
understand the effect of a second hydroxyl substituent on the
aromatic ring, we also recomputed the dealkylation mechanism
of 4-EC. All transition states were reoptimized except for TS4,
as it does not directly involve the aromatic moiety and thus we
did not expect any significant change in its energy. The free-
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Figure 7. Free-energy profiles (653 K) for all possible dealkylation mechanisms of 4-EC. The reference value for the free energies corresponds to
the empty zeolites and the reacting 4-EC in gas phase. Activation energies and free energies of the intermediates are reported in kJ-mol™". For the
sake of clarity, TSS is reported on the right of the profiles, despite its reactant state corresponding to the reactant states of TS2 and TS3.

TS 2

TS1

Figure 8. Relaxed transition-state geometries for the dealkylation of 4-EC. Relevant distances are reported in A. The shown framework portion is

the same as in Figure 6.

energy profile is shown in Figure 7, while the geometry of the
transition states is shown in Figure 8.

The protonation step (TS1) has a moderately higher
activation energy with respect to 4-EP (56 vs 46 kJ-mol™").
The free energies of the products of TS1 are slightly higher in
energy than the transition state (Figure 7), which is an artifact
caused by the approximations in the frequency calculations on
one particular configuration of the products resulting from
TS1. Indeed, when comparing the 0 K electronic energy of the
protonated arenium ion, the product is indeed lower in energy
than the transition state.

TS3 is surprisingly low in energy, with a barrier of only 76
kJ-mol™". The C—C distance is somehow more stretched than
in the 4-EP case (2.45 vs 2.40 A, compare Figures 6 and 8),
while the C—O distance remains almost unaffected. However,
the product SAS remains higher in energy (+15 kJ-mol™")
compared to the most stable Wheland intermediate. This
value, combined with the 4-EP activation energy of TS4, leads
to an overall barrier of 120 kJ-mol™' to overcome in the

stepwise path. Therefore, also here, the concerted pathway
would be preferred.

When comparing the overall activation energies for 4-EC
and 4-EP, the differences are relatively small (137 vs 132 kJ-
mol™" with respect to the neutral reactants are found for 4-EC
and 4-EP, respectively) and certainly well beyond the
methodological accuracy. Therefore, we can conclude that
the effect of a second hydroxyl group on the aromatic ring—if
any—is very small. This is in line with the experimental

observations, where the dealkylation of 4-n-propylcatechol
occurs at analogous temperature as the dealkylation of 4-n-PP.

14236

Before moving on with the final section, some interesting
observations about the connection between our calculations
and the realistic reaction environment can be made, in
particular, concerning the water coverage. Because of their
strong interaction with the BAS, adsorbed water molecules can
interfere with the kinetics of proton transfer reactions, both by
acting as proton shuttling medium as well as by fully solvating
the BAS as hydronium ion (compare with the following
section). Recently, we indeed showed that low water coverages
(1-3 molecules per BAS) can significantly speed up the
protonation reaction of aromatic hydrocarbons in H-ZSM-S,
helping the proton shuttling from the framework to the
molecule.”’ At higher coverages (6 molecules per BAS), the
rate goes back to similar values as in the anhydrous case. Since
there are no reasons to suspect very different behaviors for the
four considered reactants, it seems plausible that the kinetics of
TS1 will be affected in a similar fashion by the presence of
coadsorbed water. Therefore, even if the absolute values of the
free-energy barriers could change, it seems unlikely that this
will affect the computed reactivity trends.

The possible water effect is less clear on the actual
dealkylation transition states. For this reason, TS2 (for 4-EP,
4-n-PP, and 4-iso-PP) was further investigated by means of
dynamic US simulations in the presence of three water
molecules coadsorbed in the zeolite unit cell. For a complete
discussion of the results, the interested reader is referred to
Section S4. While the reactivity trends across the reactants do
not seem to be particularly affected, it was found that the
dealkylation reaction competes with the deprotonation of the
Wheland complex hydroxyl group to form a 4-alkyl-2,5-
cyclohexadienone moiety. The deprotonation occurs preferen-
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Figure 9. (a) Free-energy profile for the diffusion of phenol along the straight channel of H-ZSM-S with zero and three water molecules in the
zeolite unit cell. The image in the background shows the rough location of the various CV values within the framework, where the Al tetrahedra and
BAS location are highlighted in ball-and-stick representation, while the double ring separating the two channel intersections in light blue. (b)
Snapshot arbitrarily extracted from the umbrella centered at CV = —1.5, where the H-ZSM-5 unit cell is seen along the straight channel. It is
possible to see how the water maintains an interaction with the phenol hydroxyl group, thereby assisting the diffusion.

tially when multiple water molecules interact with the hydroxyl
group, in line with the higher proton affinity of water clusters
with high molecularity.”>*>*® The deprotonated form is not
particularly stable (AF ~ +70 kJ-mol™") and it is indeed not
observed in the 4-iso-PP case where the dealkylation barrier is
lower in magnitude. On the other hand, it is possible that at
higher water loadings, the O-deprotonation of the reactants
could become more favorable. Since the neutral form cannot
undergo dealkylation, an equilibrium between the Wheland
complex and 4-alkyl-2,5-cyclohexadienone could be tentatively
indicated as a cause for the increase in Arrhenius activation
energy for the 4-n-PP dealkylation observed experimentally in
the presence of water."

3.3. Effect of Water on Phenol Diffusion. Differently
from traditional hydrocarbon chemistry, alkylphenols deal-
kylation requires to cofeed steam in the reactants stream to
prevent a quick and reversible deactivation of the catalyst. This
was attributed to water preventing the condensation of phenol
to diphenylether, but it was also speculated that it could
facilitate desorption of phenol from the catalyst. The reaction
barriers computed for the diphenylether formation mechanism
in anhydrous conditions are of similar magnitude as the
dealkylation ones, in line with a fast build-up of the molecule in
the catalyst pores (for a complete overview of the results, see
Section S6). Since water is formed as the reaction product, the
presence of steam will help to shift the reaction equilibrium
toward the reacting phenols. On the other hand, it is less clear
as to how far water could enhance the diffusion and desorption
of the latter from the zeolite framework. Therefore, the role of
water in modulating phenol diffusion along the straight
channels of H-ZSM-S was investigated by means of four
separate umbrella sampling simulations, with water loadings
varying from O to 3 water molecules per unit cell. Larger water
clusters (up to 8 molecules/BAS) have been observed in the
zeolite at high water partial pressures and low temperatures®’
and water is also known to adsorb quite nonhomogeneously on
the BAS.*> Nonetheless, the free-energy profiles with two and
three water molecules are fundamentally indistinguishable,
making it unlikely that a higher coverage would significantly
affect the results (vide infra). Since the results related to the
simulations with one and two water molecules were found to
be intermediate between the zero and three water cases, only

the latter will be discussed in detail. For a complete overview of
the results across all loadings, the interested reader is referred
to Section S5.4. Diffusion through the sinusoidal channel was
not considered as it is known to be significantly slower, based
on both theoretical and experimental evidence.””** For
instance, based on a set of static simulations, DeLuca and
Hibbits found that the diffusion barrier for toluene in all-silica
MFI increases from 15 to 56 kJ-mol™" when moving from the
straight to the sinusoidal channel.”’

The obtained free-energy profiles for phenol diffusion along
the H-ZSM-5 straight channel with zero and three water
molecules are shown in Figure 9a.

The main feature that emerges from the simulated FEPs is
the significant reduction in the diffusion barrier computed in
the presence of water. The barrier to diffuse through the
straight channel in the anhydrous case amounts to 61 kJ-mol ™",
whereas in the presence of three water molecules in the zeolite
unit cell, the barrier is reduced to only 37 kJ-mol™.
Importantly, phenol also has to desorb from the BAS to travel
through the straight channel, an effect contributing to the
overall free-energy profile. When traveling through the straight
channel, the molecule encounters two skewed 10-membered
rings, which separate the channel intersections. The maxima in
the profile originate from the actual crossing of the two 10-
membered rings. In both the anhydrous and hydrated cases,
the FEP has a shallow minimum located in between the two
skewed 10-membered rings. A similar behavior has been
recently reported for aromatic diffusion in all-silica MFI by
DeLuca and Hibbitts,>” where two minima around the channel
center were observed instead for benzene diffusion. The
presence of a single minimum in our FEP is likely due to the
dynamic nature of the simulation and the asymmetric nature of
phenol. Indeed, the phenol oxygen also being included in the
computation of the molecule center (Figure 3), its orientation
can produce different CV values that are associated with a
similar position of the aromatic ring in the channel. This effect
can produce a “blurring” when moving from well-defined states
on the PES to an averaged FEP.

When comparing the two FEPs, it is observed that the
profile is quite symmetric in the anhydrous case and that the
second transition state to travel through the second 10-
membered ring is nearly isoenergetic with the first (61 vs 62 kJ-
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Figure 10. (a) Percentage of occurrence of a certain water cluster size in proximity of the active site as a function of the US CV. The scheme on the
right sketches how the cluster size is computed, by first searching for water molecules within a § A cutoff from the zeolite oxygen atoms in the first
coordination sphere of the Al site and then, starting from the closer water, looking for other water molecules within 4 A and so on until no further
water molecules can be found. (b) Percentage of occurrence of the various possible protonated species during the US simulations as a function of
the US CV. The atom highlighted in gray in the legend shows the location of the fictitious proton atom in various cases (see main text). In both

cases, the trajectory is subsampled every 2.5 fs.

mol™"). This seems to indicate that, once the phenol reaches
the first barrier, its interaction with the BAS has already
completely vanished and diffusing even further from it does
not require additional energy. On the other hand, when water
is present in the unit cell, the FEP becomes significantly
asymmetric and the barrier to cross the second ring increases
to 46 kJ-mol~'. When looking at the simulations, it was noticed
that water tends to form a chain of hydrogen bonds between
the active site and the diffusing phenol molecule (Figure 9b).
Only when moving even further along the straight channel
(CV > 0), this chain of H-bonds begins to get stretched,
causing the moderate energy increase to cross the second ring.
We remark that previous considerations are mostly qualitative
as the actual energy barriers might vary due to error bars of the
simulations. Despite not being directly comparable, the
activation free energies for phenol diffusion computed in the
presence of water are largely lower than the static (but also
dynamic, see Section S4) barrier of the dealkylation process for
4-EP and 4-n-PP, in line with the experimental observation that
the reaction kinetics does not seem to be diffusion-limited for
4-n-PP."> This might not be the case for 4-iso-PP, as the
hindrance of the isopropyl tail reduces its mobility in the
framework (Figure S3) while, at the same time, leading to
reduced dealkylation barriers.

To better understand the reasons underlying the large
difference in diffusion barriers with different water loadings, we
assessed whether the water molecules (whose position is not
restrained during the simulations) do remain in proximity of
the BAS and the diffusing phenol. A cutoff radius of S A was

defined around the O atoms in the first coordination sphere of
the Al defect. If no water molecules are found within such a
radius, the cluster size is set to 0. Otherwise, the closest water
molecule is taken as reference and a second cutoff radius of 4 A
is defined around it. All water molecules included in such a
cutoff are then added to the cluster size and are then used as
new centers to look for other water molecules until no others
are found. This procedure was done for every umbrella
trajectory (subsampling it every 2.5 fs to make the amount of
data more manageable) and the percentage of occurrence of
each cluster size reported as a function of the US CV (Figure
10a). A cluster size of 0 is almost never observed during the
simulations, indicating that water strongly interacts with the
BAS—as expected. In the simulations with one water molecule,
it is more likely for the water to diffuse away from the active
site. On the other hand, even for low CV values, the phenol
molecule is not capable of completely displacing the water
molecule, which is far from the Al substitution at most 60—
70% of the times for CV < —6 A (Figure S13a). This
percentage is largely reduced moving to two waters and
basically disappears with three waters, where at least one water
molecule remains in the BAS proximity for more than 90% of
the simulation time at any considered CV value. When phenol
moves away from the active site (increasing CV values), water
does not have any competition to access the BAS and cluster
sizes of larger molecularity become predominant. Quite some
fluctuation is observed in the cluster sizes while moving toward
higher CV values. We attribute this to the fact that the data
comes from separate umbrellas, and in some of them, larger
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cluster sizes are preserved most of the simulation time, while
for the others, more diffusive events are observed. This is very
likely a random process and, water diffusion being relatively
slow with respect to our simulation times, it is not possible to
achieve a fully equilibrated distribution of cluster sizes in all
umbrellas. The observation of various cluster sizes also
indicates that considering more molecules per unit cell is not
necessary as, if much larger cluster sizes would be favorable, we
would almost never observe the three molecules diffusing away
from the active site.

Having assessed that water remains in proximity of the active
site during the simulations, we investigated how the BAS
interacts with the protic molecules present in the unit cell. We
first defined the location of a fictitious proton atom using a
combination of the collective variables proposed by Pérez de
Alba Ortiz et al.** and Grifoni et al.* (for more information,
see Section S5.3). In this approach, such a fictitious atom is
located on the oxygen carrying an excess of hydrogen atoms
with respect to a selected default value (for instance, 2 for a
water oxygen or O for a zeolite oxygen). To practically visualize
how the location of the proton atom evolves during a
simulation, we invite the interested reader to refer to the movie
in the Supporting Information, which shows the 40—50 ps
interval of the umbrella centered at CV, = 0.0 with three water
molecules. We then computed, in each simulation, where this
proton atom is located with respect to the proton-acceptor
species and used this data to obtain the percentage of
occurrence of a determined protonated species (Figure 10b).

What immediately emerges from the figure is that two states
dominate the simulation in all of the umbrellas, with the extra
proton being either located on the zeolite (thus a “regular”
BAS) or on a water molecule, forming an eigen-like hydronium
ion (H;0%). The balance between the two is dictated by the
amount of water molecules in proximity of the active site
(compare the similar up-down trends in the top and bottom
graphs of Figure 10 and with the results obtained at different
water loadings in Figure S13b) as it is well-known that at least
two water molecules are required to lead to a significant
solvation of the BAS.>>*® Phenol seems, on the other hand, to
have a much more limited interaction with the BAS. As it can
be seen, the instances in which its hydroxyl group is
protonated are very infrequent (<10%) even when in close
proximity of the Al site.

Interestingly, it can be seen how the calculations predict that
the proton is preferentially located on a specific atom and the
sampling of structures in which it is shared between two atoms
(Zundel-like ions) is very small independently on the phenol
location. According to these results, phenol and water are then
in direct competition for the zeolite active site and this will
certainly favor the desorption and diffusion of the former.
Further insights in this behavior were obtained by computing
the adsorption enthalpies for coadsorption of phenol and one
water molecule with static simulations (an extensive discussion
of the results is reported in Section S5.5). The computed
adsorption enthalpy for phenol decreases from 132 to 113 kJ-
mol ™ if water is coadsorbed on the BAS while, at the same
time, the adsorption enthalpy of water also decreases from 83
to 64 kJ-mol™" if phenol is coadsorbed on the BAS. This
suggests that competitive coadsorption penalizes both
molecules with respect to a single-molecule adsorption and
thus not only does water enhance the kinetics of phenol
diffusion but it also modulates its adsorption thermodynamics.

In Figure 10b, it can be seen that protonated phenol
seldomly occurs up to relatively high CV values, where a direct
transfer of the BAS from the framework would no longer be
possible. This is caused by water that, as the phenol diffuses
away from the active site, creates a chain of hydrogen bonds
along which the extra proton is allowed to move (Figure 9b).
Furthermore, spontaneous ortho protonation of phenol was
observed in the anhydrous case when located close to the BAS
(in umbrellas 1 and 2, see Table S1) after about 10 ps of
simulation and the so-formed arenium ion proved to be stable
for the rest of the simulation. Phenol protonation was also
observed with one and two water molecules in the unit cell, but
not with three (Figure S13b), indicating that larger loadings
could also have an active effect on the formation of protonated
phenolic species, as already highlighted in the case of
ethylbenzene protonation.

Calculations then suggest that not only does water compete
with phenol to directly adsorb on the BAS, thereby facilitating
its desorption, but it also assists its diffusion through the
straight zeolite channel by forming a chain of H-bonds thanks
to which the phenol hydroxyl group does not have to
completely break its interaction with the active site when
crossing between the two channel intersections.

4. CONCLUSIONS

In this work, we have explored the two main features of the H-
ZSM-5-catalyzed alkylphenol dealkylation reaction. Through a
combination of static and dynamic DFT simulations, we
showed that 4-iso-PP is much more reactive than 4-n-PP and 4-
EP, as the secondary nature of the central carbon atom of the
isopropyl tail stabilizes the (partially) positively charged
transition states. 4-n-PP presents somehow lower activation
energies than 4-EP, in line with the experimentally observed
reactivity trends, although the latter also suggests the decrease
in reactivity to be mainly entropic in nature. This could be due
to contributions deriving from the adsorption step of the
reactant in the zeolite, which is however outside the scope of
this contribution. Mechanistically, we found that the reaction
proceeds mainly through a concerted mechanism, being
characterized by the lowest computed activation energy;
however, the formation of surface alkoxide species is also
possible in low amounts. Umbrella sampling simulations of the
dealkylation reaction in the presence of three water molecules
showed that the intermediate Wheland complex can be O-
deprotonated by the water cluster. This reaction competes with
dealkylation for 4-EP and 4-n-PP, being possibly one of the
reasons underlying the higher activation energies measured
experimentally in the presence of steam.

Umbrella sampling was also used to investigate the mobility
of the phenol product along the straight zeolite channel in
anhydrous conditions and with one, two, and three water
molecules in the unit cell. We found that water may play an
important role in assisting phenol desorption and diffusion
away from the zeolite BAS, with a computed decrease in the
free-energy barrier from 62 to 46 kJ-mol™' when moving from
zero to three coadsorbed molecules. This is caused by the
competitive adsorption of water and phenol on the BAS. Water
is shown to preferentially interact with the BAS, thereby
effectively shielding it from phenol. On the other hand, it also
appears that a chain of water-mediated hydrogen bonds
between the BAS and the phenol can be formed while the
latter is diffusing, which could assist its passage between the
two channel intersections. The assistance of water in
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desorption and diffusion away from the BAS could lead to
shorter residence times of phenolic compounds in the zeolite,
preventing their condensation to bulkier biphenylether species.
It would be interesting to explore in future studies as to how
far this behavior is extendable to other (moderately) bulky and
polar molecules diffusing along the straight channels of the H-
ZSM-5 zeolite and to provide further atomistic details in the
role played by water in modulating the kinetics of relevant
zeolite-catalyzed reactions.
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