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Adsorption of linear pentenes in H-ZSM-5 at 323 K is investigated using contemporary static and molec-
ular dynamics methods. A physisorbed complex corresponding to free pentene, a mt-complex and a che-
misorbed species may occur. The chemisorbed species can be either a covalently bonded alkoxide or an
ion pair, the so-called carbenium ion. Without finite temperature effects, the m-complex is systematically
slightly more bound than the chemisorbed alkoxide complex, whereas molecular dynamics calculations
at 323 Kyield an almost equal stability of both species. The carbenium ion was not observed during sim-
ulations at 323 K. The transformation from the m-complex to the chemisorbed complex is activated by a
free energy in the range of 33-42 kJ/mol. Our observations yield unprecedented insights into the stability
of elusive intermediates in zeolite catalysis, for which experimental data are very hard to measure.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Solid acids such as zeolites are widely applied in the chemical
industry for conversion of hydrocarbons in reactions such as cat-
alytic cracking, hydrocracking and alkylation [1-6]. These reac-
tions involve alkanes and alkenes as reactants and products
which interact with the zeolite and its Bronsted acid sites (BAS)
[7]. The understanding of alkane adsorption on various zeolites
has been the subject of numerous experimental studies, whereas
comparatively little is known about adsorption of alkenes, due to
their high reactivity even at low temperatures [8-10].

When an alkene adsorbs on a Brensted acid zeolite, various
adsorbed species may be distinguished as schematically indicated
in Fig. 1 [11-14]. A first state corresponds to a free alkene in the
cages of the zeolite, which undergoes only a weak van der Waals
(vdW) interaction with the walls of the zeolite. This state is further
referred to as the physisorbed state. A more bound state corre-
sponds to the m-complex, where a specific non-bonded interaction
between the m-electrons of the double bond and the Brgnsted acid
site occurs. Finally the m-complex may be protonated leading to
the formation of a chemisorbed species [11-14]. The nature of
the resulting intermediate is still debated. It has been proposed
to be stabilized as a covalently bonded alkoxide or as an ion pair
which is referred to as a free carbenium ion (Fig. 1) [11,12,15-17].
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Alkene adsorption is very difficult to track experimentally as
these hydrocarbons are highly reactive even at low temperatures.
Solely based on experiment it is practically excluded to gain insight
into the nature of the adsorbed complexes and intermediates,
which can be very short-lived. For butenes some NMR and infrared
based adsorption studies are available. The adsorption of butenes
on H-ZSM-5 and mordenite was experimentally investigated by
Domen et al. [12,13,17-19]. On H-ZSM-5, they observed that at
sub-ambient temperatures a stable m-complex was formed and
that double bond isomerization occurred already at 230K
[13,18,20]. A concerted mechanism was suggested to explain the
rapid double bond isomerization despite the absence of a classical
carbenium ion at these temperatures, as evidenced from isotope
experiments [20-22]. Isotope experiments evidenced in addition
the high mobility of alkenes already at sub-ambient temperatures
[18,20]. Stepanov et al. studied the kinetics of the double-bond
shift reaction, H/D exchange and !3C scrambling for linear butenes
on FER by means of 'H, 2H and '>C MAS NMR for temperatures
above 290K and determined activation energies for the double
bond shift and showed that carbenium ions are involved in the
mechanism of double bond isomerization at higher temperatures
[21,23].

Due to the lack of experimental data, theoretical studies are
indispensable to obtain insight into the nature and stability of
adsorbed species. Adsorption of alkanes has been studied exten-
sively in the literature by various theoretical methods. A more
complete literature overview may be found in some recent reviews
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Fig. 1. Illustration of the different intermediates upon alkene (2-pentene) adsorp-
tion in the presence of a Brensted acid site (BAS): (a) alkene in gas phase, (b) alkene
physisorbed in the channels of the zeolite, (c) alkene m-complex, (d) chemisorbed
carbenium ion and (e) chemisorbed alkoxide.

[24,25]. For alkenes much less information is available also from a
theoretical point of view. In a series of papers by Sauer and co-
workers various theoretical methods were used to study the
adsorption behavior of C4 species in H-FER [26,27]. The methods
varied in the treatment of the molecular environment, the method
to account for the long range dispersion interactions and the
degree to which finite temperature effects were accounted for.
All three factors are decisive to determine the relative stabilities
of the m-complex, carbenium ions and alkoxide species. The stabil-
ity of carbenium ions depends not only on the carbon skeleton, i.e.
secondary, tertiary, cyclic, but also largely on the applied temper-
ature. Higher temperatures may favor the existence of persistent
carbenium ions. Nicholas and Haw concluded that stable carbe-
nium ions could be observed by NMR provided that the neutral
compound from which it originates has a proton affinity of
875 k] mol~! or larger [28]. However the topology of the material
may also be very important as was shown by Fang et al. [29,30].
It was only very recently that the tert-butyl cation on H-ZSM-5
was identified by capturing this reaction intermediate with an
ammonia molecule and by identifying the stable surface com-
pounds by 'H/!3C magic angle spinning NMR spectroscopy and
density functional theory calculations [31]. The physisorption
and chemisorption of alkenes beyond C, in a variety of zeolites
(H-FAU, H-BEA, H-MOR, H-ZSM-5) were studied by Marin and
co-workers using the QM-Pot methodology originally developed
by Sauer and co-workers [14,32,33]. The method relies on a combi-
nation of a quantum mechanical approach on a smaller part of the
system combined with an interatomic potential approach on the
periodic structure. The QM-Pot methodology has proven to be very
valuable in the time frame where periodic static calculations with
more advanced functionals and dispersion interactions were
unfeasible. Some earlier theoretical works also reported on the rel-
ative stabilities of alkenes, but this was done in the absence of dis-
persion interactions; however, also the importance of various
rotational orientations of the adsorbed species was emphasized
[11]. Indeed Goltl and co-workers stressed the role of finite tem-
perature effects and mobility of adsorbed species in case of alka-
nes. For methane, ethane and propane in protonated chabazite at
300 K there was a substantial probability that the adsorbate des-
orbs from the acid site and moves freely in the pores of the zeolite,
yielding adsorption enthalpies which are systematically smaller
than the prediction at 0 K [34,35].

To the best of our knowledge no experimental data are available
for alkene adsorption in H-ZSM-5 beyond C,4. Furthermore no fully

periodic density functional theory calculations are available for the
various adsorbed species of alkenes higher than C,4, neither from
static calculations at 0 K nor from molecular dynamics calculations
to account for finite temperature effects on the adsorption behav-
ior. Such understanding is however crucial to optimize industrially
important processes such as olefin cracking. These processes
receive a lot of interest to selectively produce propene, by cracking
less valuable C4 through Cg olefins [36-38]. Alkene cracking pro-
cesses consist of a complex reaction network including isomeriza-
tions, oligomerizations, alkylations, hydride transfers and cracking
reactions [3,7,39]. In any case, knowledge on the reaction interme-
diates is of utmost importance.

In this paper we present a complete study on the adsorption
behavior of linear pentenes in H-ZSM-5, which is one of the most
effective industrial catalysts for olefin production due to its opti-
mal balance between conversion, selectivity and coke formation
stability [40-42]. The applied methodology encompasses static
periodic density functional theory calculations using contempo-
rary density functionals and methods to account for the dispersion
interactions, first principle molecular dynamics simulations at
323 K to account for the mobility of the adsorbates, and metady-
namics simulations to sample the transformations among
m-complex, alkoxide and carbenium ion and to deduce the corre-
sponding free energy barriers. We took T =323 K as finite temper-
ature for all simulations. Inspection of the different adsorption
studies in the literature learns that this temperature is representa-
tive to study the adsorption behavior at low temperatures. This
complementary set of tools provides a comprehensive picture of
the various adsorbed species in the absence of current relevant
experimental data. Such insights into the relative stability of
adsorbed species is of fundamental importance for our under-
standing of zeolite catalysis.

2. Computational methods

H-ZSM-5 was represented by a periodic model to fully account
for the zeolite structure (Fig. S.1 of the SI). Static periodic Density
Functional Theory (DFT) calculations were performed with the
Vienna Ab Initio Simulation Package (VASP 5.3) [43-46]. Initial
geometries were constructed with ZEOBUILDER [47]. The position
of the Brensted acid site (BAS) is the same as in earlier works of
the authors [24,48]| with a substitutional aluminum at the T12
position of the orthorhombic MFI unit cell and the charge compen-
sating proton on Oy, resulting in a BAS at the intersection of the
straight with sinusoidal channels (Fig. S.1). All structures were first
optimized with a PBE functional using Grimme D3 dispersion cor-
rections [49]. During the calculations the projector augmented
approximation (PAW) [50,51] together with a plane wave kinetic
energy cutoff of 600 eV was used and sampling of the Brillouin
zone was restricted to the I'-point. The convergence criterion for
the electronic self-consistent field (SCF) problem was set to
107> eV. For all static periodic DFT calculations the unit cell was
relaxed during the geometry optimizations. Afterward, the energy
was refined with a variety of exchange correlation functionals and
dispersion models encompassing revPBE-D3 with and without
Becke Johnson damping (B]) [52], revPBE with the non-local corre-
lation functional vdW-DF of Dion [53], BEEF-vdW [54], and PBE
with the new many body dispersion (MBD) scheme of Tkatchenko
with conventional (MBD-vdW_H) and iterative Hirshfeld partition-
ing (MBD-vdW_HI) [55,56]. The thermal corrections were per-
formed based on frequencies obtained with a partial Hessian
approach including 8T atoms, the acid proton and the adsorbate.
De Moor et al. [8] demonstrated that this type of procedure of
using a partial Hessian is sufficient to determine accurate enthalpy
and entropy differences. The nature of the local minima was
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verified by a normal mode analysis showing that the partial Hes-
sian matrix included only positive eigenmodes. We applied the
partial Hessian vibrational analysis (PHVA) [55-57] as imple-
mented in an in-house post-processing toolkit TAMkin [57].

Ab initio molecular dynamics (MD) simulations were performed
with the CP2K software package [58] on the DFT level of theory by
using the combined Gaussian Plane Wave basis sets approach
[59,60]. The revPBE-D3 functional [61] together with the DZVP-
GTH basis set and pseudopotentials were chosen [62]. This combi-
nation of exchange correlation functional and dispersion model
was successfully used in earlier zeolite catalysis work [48,63,64].
Since ab initio molecular dynamics calculations performed on the
complete zeolite model are computationally very expensive, more
advanced methods using hybrid functionals or many body disper-
sion models are not feasible for simulations of considerable time
length as emphasized here [65,66]. The cell parameters were deter-
mined from a preliminary NPT run on the empty zeolite unit cell at
323K and 1atm and are found to be a=20.14A, b=20.33A,
c=13.56 A, o0 =89.82°, f=89.47°, 7 = 90.15°. Subsequent molecular
dynamics and metadynamics (cf. infra) simulations on the various
complexes were performed in the NVT ensemble at 323 K. The
integration time step was set to 0.5 fs. The temperature was con-
trolled by a chain of five Nosé-Hoover thermostats [67]. The MD
simulations also allow the computation of finite-temperature
adsorption enthalpies for the various m-complexes and alkoxides
from ensemble averages of the internal energies over the MD tra-
jectories from separate simulations on the complex, the empty
zeolite and the adsorbate in gas phase. More details on the proce-
dure and the influence of the length of the MD runs are given in the
SL

To accelerate sampling of the activated transition from the -
complex to the pentoxide and to explore the nature of the carbe-
nium ion, a metadynamic (MTD) approach was employed
[68,69]. This method has recently been applied successfully in var-
ious zeolite catalysis studies [63,70]. During an NVT MTD run with
similar settings as for the MD simulations, Gaussian hills are added
every 25 fs along two collective variables (CVs), described by coor-
dination numbers (CN), which are able to describe the reaction
coordinate for transformations between the various adsorbed spe-
cies. The first CV is defined by CN(H—0)—CN(H—C;) and describes
the proton transfer from the zeolite to the pentene; the second CV
is defined by CN(C,—0,) and describes the formation of the C—0
bond between the resulting pentyl carbenium ion and the zeolite
framework. C; and C, are the carbon atoms forming the double
bond and visualized in Fig. 2 together with the definition of the col-
lective variables. The metadynamics simulations yield a two-
dimensional free energy surface in terms of the two collective vari-
ables. A 1D free energy profile is constructed by projecting the 2D
free energy onto the minimum free energy path after which the
free energy of activation may be computed [71]. More technical
details of the simulations are taken up in the SI.
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Fig. 2. Schematic visualization of the collective variables used for the various
metadynamics simulations.

3. Results and discussion

To obtain insight into the mobility of the various adsorbed pen-
tene species and the various plausible configurations, a series of
ab initio MD runs were performed at 323 K on 1-pentene (), 2-
pentene (m), 2-pentoxide and 3-pentoxide complexes. As the
potential energy surface (PES) contains a large number of local
minima, we first performed a number of short MD runs of about
10 ps starting from an unbiased initial position corresponding to
an orientation of the physisorbed pentene molecule in the center
of the straight 10-membered ring cavity at about 4 A from the acid
site. We followed how the 2-pentene evolved during the initial
stages of the simulation. In the Supporting Information we display
some snapshots. The adsorbate that only interacts with the walls of
the zeolite, quickly diffuses toward the acid site to form the -
complex. The 2-pentene molecule is preferentially positioned with
the methyl end directed in the sinusoidal channel near the BAS and
the longer ethyl tail in the straight cavity. These initial MD runs are
then followed by more extensive production molecular dynamic
runs of 100 ps starting from the optimal configuration obtained
from the initial MD runs. The m-complex is characterized by the
distance between the C=C double bond and the acid proton (H,).
The probability distribution of the shortest distance between one
of the carbon atoms in the double bond and the acid proton during
the simulation is plotted in Fig. 3. For both 1- and 2-pentene the
shortest C—H, distance is on average about 2 A, indicating that
the m—H interaction remains in place throughout the simulation.
During the simulations at 323 K we did not observe the carbenium
ion. For the alkoxides a similar analysis was done, yielding average
C—0, distances of about 1.6 A, indicating that these complexes also
remain stable during the simulation.

Besides geometrical features MD simulations also provide infor-
mation about adsorption enthalpies. They are discussed further in
the text where we investigated the influence of finite temperature
effects on the adsorption process. First we report the 0 K results
predicted by static calculations for the most visited structures.

In a next step, based on the probability distribution (Fig. 3) we
determined adsorption positions corresponding to the most fre-
quently visited structures during the MD runs and performed static
calculations on these initial structures to get the optimized geome-
tries. Subsequent frequency calculations lead finally to the adsorp-
tion enthalpies. For 1- and 2-pentene the energetically favorable
configuration corresponds to the adsorbate positioned in the
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Fig. 3. Probability distributions of some critical distances in molecular dynamics
simulations of m-complexes and alkoxides in H-ZSM-5 obtained over a 60 ps run.
Min[d(C;—H,), d(C;—H,)] stands for the shortest C—H, distance in 1-pentene m-
complex [average 2.07 A]; Min[d(C,—H,), d(Cs—H,)] stands for the shortest distance
in the 2-pentene m-complex [average: 2.04 A]; d(C,—0,) is the C,—O, distance in 2-
pentoxide complex [average: 1.62 A]; and d(C3—0,) is the C3—0, distance in 3-
pentoxide complex [average: 1.62 A].
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Fig. 4. MD snapshots of (a) 1-pentene m-complex, (b) 2-pentene m-complex, (c)
chemisorbed 2-alkoxide and (d) chemisorbed 3-alkoxide in H-ZSM-5 at 323 K, seen
in the direction of the straight channel (camera viewpoint). The snapshots
correspond to geometries which are most frequently visited during MD runs of
100 ps at 323 K.

straight channel with its methy] tail oriented into the zigzag chan-
nel. The most plausible structures are visualized in Fig. 4. To ensure
that the selected geometries for the static calculations do not sub-
stantially influence the obtained energetics, additional geometry
optimizations were performed on a range of other geometries also
generated from MD simulations. More details are taken up in Sec-
tion 3.1 of the SI.

A decisive parameter for the energetics of the adsorbed species
is the distance of the carbon skeleton with respect to the BAS. After
optimization, the 1-pentene m-complex has a characteristic short-
est C—H, distance of about 1.9 A. For 2-pentene m-complex this is
about 2 A. The pentoxide species are characterized by a C—0, dis-
tance of about 1.6 A. In order to check the influence of different
functionals and dispersion models, we refined the energies using
revPBE [53] and BEEF [54] functionals. Also some recently

Table 1
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introduced dispersion models were tested such as the models of
Tkatchenko et al. [55,56]. An overview of the adsorption enthalpies
and free energies is given in Table 1 and Table S.3 of the SI. All
applied levels of theories (LOT's) systematically predict the -
complexes more stable with respect to their chemisorbed counter-
parts by some 15-30 kJ/mol. The qualitative trends remain the
same for all used levels of theory. The results show that the
Becke-Johnson (BJ) damping function [52], revPBE-vdW-DF and
BEEF-vdW levels of theory, even substantially enlarge the stability
of the m-complexes compared with all other dispersion models,
which indicates that these methods predict an overbinding of the
adsorbed species (see Table 1).

Goltl and co-workers reached similar conclusions for the
revPBE-vdW-DF method and an in-depth analysis was presented
more recently by Goltl and Sautet [72].

To investigate also the influence of the level of theory on the
geometry optimization and the derived relative stabilities of the
m-complex and alkoxide structures, we also performed new geom-
etry optimizations and frequency calculations for 2-pentene -
complex and 2-pentoxide using the BEEF-vdW functional [54].
Geometrical details of the structures with PBE-D3 and BEEF-vdW
functionals are given in Table S.4. There are no essential features
that are different, but the most crucial result is that the free energy
and the adsorption enthalpy differences for the m-complex and
chemisorbed complex are very similar to each other (Table 2) con-
firming our conclusions for the static calculations.

Our theoretical findings give qualitatively and quantitatively
different results than the values of Nguyen et al. produced with
the QM-Pot methodology [14]. Recently, also Rosch et al. found
similar deviating behavior for alkanes between periodic DFT and
QM-Pot results [73]. A proper analysis of possible ingredients lying
at the basis of the observed differences, learns that the deviancies
should not be ascribed to the QM-Pot methodology itself, but
mainly to less favorable geometries of the adsorbed species and
their positions in the cavity. In the case studied by Nguyen et al.
[14], the double bond of 1- and 2-pentene was located at about
2.3 A from the BAS, which is significantly larger than the distances
predicted in this work. The PES around the adsorption site was
explored in a 4T cluster embedded in the zeolite unit cell, and is
by far not as accurate as the present calculations where the

Table 2
Free energy AG and enthalpy AH differences for configurations for the n-complex and
chemisorbed complex in H-ZSM-5 at 323 K given in k]/mol.

BEEF-vdW BEEF-vdW

//PBE D3 //BEEF-vdW

AG AH AG AH
2-pentene (1) — 2-pentoxide 53.27 41.96 51.05 42.7

Free energy AG and enthalpy AH differences for configurations for the m-complex and chemisorbed complex in H-ZSM-5 at 323 K. All energies in kj/mol. Use of the standard
notation “LOT-E”/[“LOT-G” (LOT-E and LOT-G being the electronic levels of theory used for the energy and geometry optimizations, respectively).

PBE-D3 revPBE-D3 revPBE-D3(B])  revPBE-vdW-DF  BEEF-vDW PBE-MBD- PBE-MBD-
//PBE-D3 |/PBE-D3 J/PBE D3 |/PBE D3 J/PBE D3 vdW_H vdW_HI
//PBE D3 //PBE D3

AG AH AG AH AG AH AG AH AG AH AG AH AG AH
1-pentene (g) —» 1-pentene (1) -45.0 -1032 -584 -1166 -76.1 —-1343 -106.7 -1649 -684 -1266 -513 -109.5 -399 -98.1
2-pentene (g) —» 2-pentene (1) 527 -109.6 -733 -1302 -90.7 -1476 -1124 -1692 -71.1 -1280 -586 -1155 -447 -101.6
1-pentene (g) — 2-pentoxide =~ —17.5 —-849 -40.1 -107.5 -60.3 -127.8 -692 -1366 -294 -968 -306 -98.0 -150 825
2-pentene (g) — 2-pentoxide -41 -722 -287 -968 -474 -1156 -582 -1264 -178 -860 -172 -853 —-14 -69.6
2-pentene (g) - 3-pentoxide -30 -688 -213 -871 -398 -1056 -529 -1187 -141 -800 -199 -857 -28 —68.6
1-pentene (1) — 2-pentoxide 27.5 183 183 91 158 6.6 376 283 390 208 207 115 249 15.7
2-pentene (1) — 2-pentoxide 486 374 446 333 433 32.0 54.1 428 533 420 414 301 433 32.0
2-pentene (1) - 3-pentoxide 497 408 520 430 509 420 59.5 505  57.0 480 387 298 419 33.0
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influence of the environment on the PES is intensively investigated
in first-principles MD simulations of the periodic models. The
geometries for 1- and 2-pentene reported in Ref. [14] differ by
far from the configurations obtained in this work. On the other
hand the geometrical parameters of the corresponding pentoxides
found in the two studies are completely similar, so that the differ-
ence in stability between the physisorbed and chemisorbed com-
plexes must be ascribed to the position of the physisorbed
pentene to the BAS. This is an important statement as it reduces
the discussion on the exothermic or endothermic character of the
chemisorption process to the localization of the adsorbed pentene
m-complex in the pores of the zeolite and more particularly the dis-
tance from the BAS.

In a next step, we assessed the influence of finite temperature
effects on the adsorption enthalpies. The probability distributions
for the distances of the various adsorbed species to the BAS, reveal
an asymmetric behavior for the m-complexes toward higher C—H
distances. For 1-pentene this is even more pronounced than for
2-pentene. The adsorption enthalpy of 1- and 2-pentene is strongly
correlated with the C—H distance. The broad probability distribu-
tion for these two species clearly indicates that the average ensem-
ble over the MD trajectories results in enthalpy of adsorption
which corresponds to C—H distances larger than 2 A. On the other
hand, the static calculations only consider one point on the poten-
tial energy surface (that corresponds to the optimized geometry)
and do not account for configurations with slightly larger distances

(a) Static

as observed in the MD simulations. Indeed the dynamically aver-
aged values for the adsorption enthalpies yield systematically
lower adsorption enthalpies for the m-complexes and slightly lar-
ger values for the alkoxides. The adsorption enthalpies for the 7-
complexes are shifted to about 20 kJ/mol. Fig. 3 also reveals that
the C—0, distances in the pentoxides are more peaked around
1.6 A with almost 80% probability yielding slightly more bound
adsorption enthalpies from MD simulations. The adsorption
enthalpies of pentoxides obtained as an ensemble average in the
MD simulations are closer to the values obtained with static
approaches. If finite temperature effects are taken into account
the m-complexes are almost equally stable as the alkoxide species.
A summarizing adsorption enthalpy diagram is given in Fig. 5. In
good agreement with Ref. [11], the double bond position does
not affect significantly the enthalpy of formation of the m-
complex. Static calculations systematically overestimate the
adsorption enthalpies for the m-complex, which is inherently
related to the usage of optimized geometries, which are necessary
to compute enthalpic and entropic contributions, but neglect the
asymmetric probability distribution shown in Fig. 3 at finite
temperatures.

Finally we also wanted to investigate the possible occurrence of
carbenium ions in the transition path from m-complexes to alkox-
ides. Therefore we used metadynamics simulations which allow
sampling the transition from the m-complex toward the
chemisorbed species and exploring in how far the transformation
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Fig. 5. Adsorption enthalpy diagrams at 323 K for the several pentene intermediates with reference to 1-pentene in gas phase and an empty H-ZSM-5 framework, obtained
from (a) static calculations at the PBE-D3 level. (b) MD simulations at the revPBE-D3 level.
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is activated. Those simulations yield detailed information on the
nature of the chemisorbed species and the possible existence of a
carbenium ion. In any case the carbenium ion was not observed
during a regular MD run, nor was the transition from the m-
complex toward the alkoxide seen, which points toward an acti-
vated transition.

The formation of 2-pentoxide from physisorbed 1-pentene and
2-pentene and that of 3-pentoxide from physisorbed 2-pentene
were studied using metadynamics simulations with two collective
variables to describe the reaction coordinate (cfr. Section 2). The
resulting 2D free energy surfaces and 1D free energy profiles along
the lowest free energy paths corresponding with the three reac-
tions are displayed in Fig. 6. There clearly exists a metastable state
between the pentene m-complex and the pentoxide, which could
be characterized as a carbenium ion. This metastable state mainly
represents a 2-pentyl carbenium ion in the two reactions leading to
2-pentoxide; however, rapid isomerization to a 3-pentyl carbe-
nium ion was observed as well.

In a next step the trajectories obtained from the metadynamic
simulations were examined to distinguish between the free energy
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minima of the various adsorbed species. All samples in which the
collective variable, corresponding to the coordination number rep-
resentative for the C—0, bond formation with the zeolite frame-
work, is smaller than a cutoff value are identified as alkoxides. A
similar procedure was applied for the identification of the pentyl
carbenium ions. The detailed procedure is described in the SI.
The procedure shows that it is possible to identify various basins
corresponding to alkoxides where the C—O distance is on average
1.6 A and corresponding to carbenium ions where the average dis-
tance is 3 A, which is significantly larger than the value (2.0 A)
obtained with MD simulations for the m-complex (Fig. 3). Here,
some prudence should be taken into consideration as metadynam-
ics does not generate an equilibrium ensemble and hence geomet-
ric parameters, given in MTD, are only indicative.

The 2D free energy surface is subsequently converted into a 1D
free energy profile (by projection onto the minimum free energy
path). For the three reactions under study the difference (CV2-
CV1) of the two coordination numbers turned out to be a good esti-
mate for the one-dimensional reaction coordinate. The three free
energy profiles for pentoxide formation, displayed in Fig. 6, show
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Fig. 6. Left: 2D free energy surface for the formation of 2-pentoxide from a 1-pentene w-complex (a) or 2-pentene n-complex (b) and for the formation of 3-pentoxide from a
2-pentene m-complex (c). The lowest free energy paths are displayed. A small well corresponding to the metastable carbenium ion can be observed in the bottom left corner.
Right: corresponding 1D free energy profile along the lowest free energy path for the two reactions.
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Table 3

233

Free energy barriers (AG*) and reaction free energies (AG,) in k]/mol at 323 K for the formation of a pentoxide from a pentene rt-complex through a carbenium ion intermediate
determined from MTD simulation in the NVT ensemble. LOT electronic energies: revPBE-D3/DZVP-GTH.

AG* (323 K) (kJ/mol)

AG, (323 K) (kJ/mol)

1-pentene (1) — 2-pentyl carbenium
2-pentyl carbenium — 2-pentoxide
2-pentene (1) — 2-pentyl carbenium
2-pentyl carbenium — 2-pentoxide
2-pentene (1) — 3-pentyl carbenium
3-pentyl carbenium — 3-pentoxide

36.8
203
38.2
12.1
84.7
54.6

-2.3
-9.2
+2.8
-15.2
+22.9
+34.3

the carbenium ion as a metastable intermediate between the 7-
complex and the alkoxide. They also allow to determine some esti-
mates of the free energy barriers (AG*) and reaction free energies
(AG,) between the various intermediate states following a proce-
dure outlined in the SI. These values are listed in Table 3. It should
be emphasized that free energies predicted by metadynamics are
mainly qualitative, as they largely depend on the choice of the col-
lective variables and other degrees of freedom. They give an indi-
cation of the minimum free energy path, but is not unique.
Inclusion of other enhanced MD methods could be very comple-
mentary to MTD to compute enthalpy and Gibbs free energies. That
work is planned in near future.

The observed free energy barriers for activation between the
n-complex and the chemisorbed species vary considerably
depending on the type of the chemisorption process. The formation
of 2-pentoxides is likely to occur at these temperatures as the free
energy of activation corresponds to about 36.8 kJ/mol for 1-
pentene to 2-pentyl carbenium ion and 38.2 kJ/mol for 2-pentene
to 2-pentyl carbenium ion. The formation of 3-pentoxide is less
probable, a higher free energy of activation is found and the formed
3-pentoxide is less stable than the other alkoxides. This observa-
tion is systematically found for all methodologies used in this
work, and is probably due to unfavorable steric interactions with
the walls of the zeolite. MD simulations have revealed that by pref-
erence the shortest tail of the chemisorbed pentoxide is oriented in
the zigzag channel. For a 2-pentoxide a methyl end enters the
channel, while for a 3-pentoxide it is a propyl group (we refer to
Fig. 4 for the visualization) encountering more interaction with
the wall.

Apart from the formation of 3-pentoxide, the metadynamics
simulations show that the alkoxide is only modestly more stable
than the m-complex, which is in line with the earlier MD
simulations.

Based on the metadynamics simulations, carbenium ions were
observed and in a subsequent step these were also subjected to
static periodic density functional theory calculations. Starting from
configurations from the metadynamic simulations we could locate
these highly elusive intermediates. The shortest C—O distance of
the carbenium ion after this geometry optimization corresponds
to 2.7 A for the 2-pentyl carbenium ion and 3.4 A for the 3-
pentyl carbenium ion. The latter carbenium ion is further away
from the BAS and is also about 10 k]J/mol less stable than the 2-
pentyl carbenium ion. Based on the complementary set of simula-
tions performed, we can now provide a full adsorption enthalpy
diagram for all adsorbed species of 1-pentene and 2-pentene both
from static and molecular dynamics simulations. This is visualized
in Fig. 5 with all energy levels referred to the 1-pentene in the gas
phase.

4. Conclusions
A complementary set of theoretical methods was used to fully

characterize the adsorption behavior of pentene in the pores of
H-ZSM-5. Four distinct states of the olefin have been investigated:

(i) olefin adsorbed in the pores via dispersion forces, (ii) interac-
tions of the C=C bond of pentene with the Brgnsted acid sites in
the pores (m-complex), (iii) the transient formation of a carbenium
ion and (iv) the stable formation of an alkoxide. The free physi-
sorbed pentene was not observed during a substantial time of a
molecular dynamics run at 323 K, and instead a stable t-complex
is rapidly formed, which does not transform toward alkoxides in
a regular MD run but remains stable. This observation points
toward an activated process to form stable chemisorbed species.
The energies of m-complexes are very sensitive to the relative dis-
tance of the pentene molecule to the BAS. Adsorption enthalpies
obtained from static calculations at 0 K are systematically larger
than dynamically averaged values, since only the optimized struc-
ture of the m-complex at 0 K is taken into account. Thermal fluctu-
ations on the relative distance of the complex with the BAS give a
better representation of the dynamical adsorption process and give
adsorption enthalpies which are on average 20-30 kJ/mol less
stable compared to their static values. Static periodic calculations
have the advantage that they allow to use a large variation of
DFT functionals and dispersion models. Goltl et al. observed same
features for the adsorption behavior of alkanes and proposed to
dynamically weight statically obtained adsorption enthalpies
[34]. Based on our observations this might indeed be a good prac-
tice for future adsorption studies. Overall the m-complex and
alkoxides (except the 3-pentoxide) are almost equally stable. To
sample also the transformation between stable n-complexes and
alkoxides the metadynamics technique was used. During the trans-
formation we observed the carbenium ion, which seems to be a
highly elusive intermediate. Furthermore the transformation from
a m-complex to the carbenium ion is activated with a free energy of
activation in the range of 32-36 kJ/mol in the most favorable cases.
Starting from geometries taken from the metadynamics simula-
tions we also determined the enthalpies of the carbenium ion, with
static density functional theory calculations. It was confirmed that
carbenium ions are transient species lying higher in energy.

Overall the present data offer a new platform for understanding
the adsorption steps of olefins on zeolites in a quantitative manner,
which will in turn help to better understand the intrinsic role of
the strength of the Brgnsted acid sites and the role of the local
environment (siting of acid sites, available pore space) for the
adsorption processes in the future.
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