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ab Initio Molecular Dynamics Simulation of Hexane and Hexene
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First-principles molecular dynamics simulations are performed
to sample the behavior of linear hydrocarbons within the acid ze-
olite gmelinite at high temperature. The analysis of the trajecto-
ries, the time-development of the bond lengths, and simulated IR
spectra are presented for both neutral and protonated molecules.
The acid proton shows no affinity toward paraffin and slightly in-
creased affinity toward the double bond of the olefin. No spon-
taneous protonation of the olefin is observed. The simulation of
the protonated linear C6H13+ molecule shows that the protonated
species is stabilized within the zeolite framework, and no collapse
to the neutral molecule occurs. No cracking or isomerization event
is observed. The protonated molecule shows rather high mobility
accompanied by a series of hydride transfers along the chain of the
molecule. The transfer of the H atom leads to a relocation of the
positive charge. The relocation is correlated to the position of the Al
site in the zeolite framework. In the simulated IR spectra we observe
no distinctive feature evidencing the existence of the protonated
species. (© 2002 Elsevier Science

1. INTRODUCTION

Zeolites are microporous aluminosilicates that have been
widely used as acid-base catalysts (1-4). Industrial conver-
sions using acid-base catalysts include processes like de-
hydration and condensation, cracking, isomerization, hy-
dration, and hydrogenation (5). The conversions are chain
reactions believed to follow the carbonium ion theory (6),
and the positive charge of the carbocations is expected to
be stabilized by long-range electrostatic interactions with
the surrounding negatively charged zeolite framework. De-
tailed mechanisms of the elementary steps including initia-
tion, propagation, and termination, are still unclear.

A cluster description of the acid sites in the zeolite is
widely used to investigate the conversion of hydrocarbons
(7-10). Calculated energy diagrams based on the static re-
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laxation of atomic positions provide valuable information
on the energy profile of the particular chemical reaction.
The reaction path is chosen according to mechanisms
proposed for the conversion of hydrocarbons on solid acids
(11,12), and the numerical procedure follows the minimum
energy pathway. The behavior of the zeolitic system at finite
temperature is simulated by techniques of molecular dy-
namics (MD) (13). The particles interact through a poten-
tial that, in most investigations, is taken as a sum of suitable
pair potentials depending only on the distance between the
particles. Such a simulation provides the dynamical prop-
erties of the zeolite framework and the adsorbed molecule
and characterizes the adsorbent-to-adsorbate interaction
(14). Overall agreement is achieved for transport and sepa-
ration phenomena (14, 15). Full description of the catalytic
conversion is possible, as well, but the reaction pathway
must be known and the evaluation of the hypersurfaces
must be performed by quantum mechanical methods (16).

AD initio MD simulations of zeolites have been, due to
large computational demands, applied only to simple phe-
nomena such as the determination of the position of the
countercations within the cages (17), hydration and ion-
exchange processes (18), and adsorption of small molecules
like water and methanol (19-24). In acid zeolites the water
molecule adsorbs directly to the acidic proton. Proton ex-
change between the adsorbed water molecule and zeolite
is found to mediate the proton transfer between O sites in
both Na-free (25) and Na zeolites (26). The attempt to simu-
late zeolite-catalyzed methanol to gasoline (MTG) process,
representing one of the simplest intrazeolite chemical re-
actions, demonstrates the enormous complexity of such a
conversion (20, 27). Those applications show that realistic
ab initio MD simulations of zeolites are too short to mimic
the complete process of a chemical conversion.

In this work we use ab initio relaxation and MD tech-
niques to study the conversion of the hydrocarbon molecule
on the solid acid zeolite. The linear C6 hydrocarbon is cho-
sen as a probe molecule that converts at high temperature
via both cracking and isomerization mechanisms. Because
the abinitio molecular dynamics is currently applicable only
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to relatively simple phenomena on the time scale of pi-
coseconds, we decided for the following strategy. A series
of short-term ab initio MD simulationsis started at different
stages of the conversion in order to sample the role of dif-
ferent factors supporting the reactivity. First, we investigate
the dynamics of the proton attack at the adsorbed molecule
and second, we explore the time evolution of the protonized
molecule. The carbocation is expected to collapse at high
temperature, thus forming products of the conversion. Our
short-term MD sampling includes the effect of high tem-
perature, and compares the behavior of saturated and un-
saturated molecules and compares the effect of increased
pressure of the feed molecules. Finally, the behavior of a
carbenium ion within a zeolite at high temperature is tested
with the example of protonated 3-hexene. The short-term
simulations are expected to provide new details on the el-
ementary steps of the conversion process and enhance the
understanding of the elementary steps over which linear
hydrocarbons in zeolites are either converted to isomers or
cracked to smaller molecules.

2. STRUCTURAL MODEL

Simulation of the adsorption of hydrocarbons at high
temperature is performed within the large pores of gmeli-
nite (28). Gmelinite is not an industrial zeolite. The choice
of gmelinite structure stems from the computational conve-
nience (cf. Ref. (29)). The unit cell of gmelinite is medium
sized. The total number of atoms per cell is 72, which is ac-
ceptable for demanding MD simulations. The cell dimen-
sions are quite uniform, allowing insertion of molecules as
large as n-hexane into the single unit cell. Finally this mate-
rial has topological features, in particular hexagonal prisms,
similar to those of faujasites, which belong to the most im-
portant industrial zeolites.

Purely siliceous gmelinite has the composition SipOqs
and forms a hexagonal structure with space group P6smmc.
The secondary building block is a hexagonal prism whose
parallel stacking leads to a columnar structure with prisms
and large gmelinite cages alternating along each column
(see Fig. 1). The largest channel is circumscribed by a ring
of 12 SiOy4 tetrahedra (the 12-membered ring—12MR) ex-
tending along one dimension (the ¢ axis). Each 12MR is
interconnected to other three 12MRs through gmelinite
cages. Access to the cage is possible through three SMR
from three different 12MRs (Fig. 1). The gmelinite cage
and the hexagonal prism are also constituting elements
of the crystal structure of industrially used zeolites. The
largest aperture in the structure (12MR) is as large as
~7 A. Due to the high space group symmetry all tetra-
hedral sites (Si/Al) are crystallographically equivalent and
there are only four inequivalent O sites (numbered 1 to 4
in Fig. 1). X-ray structure refinement performed on natural
gmelinite with a Si/Al ratio of approximately 2/1 and con-
taining the corresponding number of counterions (typical
composition Nag(AlO;)s(Si0,)16) and a not very precisely
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gmelinite cage hexagonal prism

FIG.1. Hexagonal structure of gmelinite. (a) The framework struc-
ture displaying the 8MR, the gmelinite cages, hexagonal prisms, and lo-
cation of the O1-O4 sites, respectively. (b) Top view showing the large
12MR channels. The adsorbed linear molecule is extended along the main
channel in the vicinity of the Brgnsted acid site.

known number of water molecules (up to 24) yields the cell
dimensions of a = 13.756 A and ¢ = 10.048 A (Ref. (28)),
corresponding to a volume of 68.59 A3/SiO;-unit.

Simulations are performed using experimental unit-cell
parameters (28), providing a unit cell volume slightly
larger than the volume optimized using our computational
approach (30). Experimental unit-cell volume thus rea-
sonably corresponds with the volume slightly expanded
at high temperature. The adsorbed linear molecules are
inserted in the main channel extending along the c axis.
The acidic proton resides at the O4 site, the O-H bond
pointing to the center of the main channel. The molecule
of the hydrocarbon is initially placed in the vicinity of the
Brgnsted acid site with a shortest O4-to-C contact of ~2.0
A (cf. Fig. 1). A second hydrocarbon molecule is placed in
the main channel behind the first one, keeping a parallel
orientation relative to the channel.

3. COMPUTATIONAL DETAILS

Ab initio molecular dynamics simulations for char-
acterizing the dynamical properties of the hydrocarbon
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containing zeolites are performed. The calculations are
based on density-functional theory (31) using the
generalized-gradient approximation (32) to the exchange-
correlation functional. We use the ultrasoft pseudopoten-
tials (33, 34) and a plane-wave basis as implemented in the
Vienna ab initio simulation package VASP (35). The calcu-
lations are performed using Blochl’s projector augmented
wave (36, 37) technique with a plane-wave cutoff energy
of 300 eV. Brillouin-zone sampling is restricted to the I'
point. Convergence is improved using a modest smearing
of the eigenvalues. Fixed-volume molecular dynamics sim-
ulation is performed at 700 K. The dynamics uses the ex-
act Hellman—-Feynman forces acting on atoms, and applies
the statistics of the canonical ensemble to the motion of
atomic nuclei (38) and the Verlet velocity algorithm [13]
with a time step for the integration of equations of motion
of At = 1.0 fs. The frequency bands are calculated via the
Fourier transform of the velocity autocorrelation function.
The simulation times are ~3 ps. The frequency of the heat
bath is tuned to that of the O-H bond to support the mo-
bility of the acid proton.

All configurations for which molecular dynamics is
started are preoptimized using static relaxation of all atomic
positions. The relaxation releases local deformations and
stresses that could contaminate atomic velocities at the
beginning of the simulation and could lead to unnatural
behavior. The dynamics is then started from such a con-
figuration that slightly differs from the completely opti-
mized atomic positions. The choice of optimized positions
could cause during the short-term dynamics some vibra-
tional modes to fail to develop.

4. RESULTS AND DISCUSSION

The ab initio molecular dynamics simulations at the tem-
perature T =700 K are performed with both the neutral
molecules and the carbenium cation formed by the trans-
fer of the acid zeolitic proton to the double bond of the
unsaturated molecule.

4.1. Neutral Molecules

The simulation of the adsorption of neutral molecules
in a zeolite are performed with one molecule of n-hexane
per unit cell and with different concentrations of 3-hexene
corresponding to one, two, and three unsaturated molecules
per unit cell.

Binding energies. Interactions between the hydrocar-
bon molecule and the zeolite framework are weak and
nondirectional and the interaction energy comprises a high
percentage of dispersion energy. The density-functional
theory (DFT) with the generalized gradient approximation
(GGA) for the exchange functional includes only a small
fraction of dispersion forces (39, 40). Calculated interaction
energies of saturated hydrocarbons in zeolites are therefore
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too small. Our recent paper (41) reports the interaction en-
ergies in gmelinite for C4—C6 hydrocarbons as a function of
the concentration of acid sites. For n-hexane adsorbed at the
acid site we obtain 16.4 kJ/mol. No adsorption energies of
hydrocarbons are available for gmelinite. An interpolation
of values measured in zeolites with different framework
density (42) indicate for n-hexane the value of ~65 kJ/mol.
The large difference between ~16 and ~65 seemingly dis-
qualifies our calculational method from applications to the
adsorption of hydrocarbons in zeolites. Recently Eder and
Lercher [43] have evaluated the contribution of the acid
site to the heat of adsorption in zeolites MFI and FAU. Re-
ported values of ~7 kJ/mol (FAU) and ~10 kJ/mol (MFI)
are independent of the length of the hydrocarbon chain.
Our calculated contribution of the acid site to the interac-
tion energy provides the value of 12.3 kJ/mol (16.4 minus
4.1 kJ/mol calculated for the adsorption in the purely
siliceous structure, cf. (41)) in good agreement with ex-
perimental data by Eder and Lercher (43). It is still un-
clear how to characterize dispersion contributions to the
binding energy of hydrocarbons. Because of the spheri-
cal nondirectional character of such interactions we sup-
pose that dispersion forces only decrease the mobility of
adsorbates and products and cannot influence reaction
pathways. For the interaction with the acid site our com-
putational method provides the correct value. It is there-
fore a proper tool to characterize the interaction between
the hydrocarbon molecule and a reaction center of the
zeolite.

The interaction energy calculated for 3-hexene of
17.0 kJ/mol is similar to that of n-hexane (16.4 kJ/mol, cf.
above). The presence of a single double bond does not
increase considerably the interaction energy between the
acid site and the hydrocarbon molecule. A different be-
havior has been observed for aromatic hydrocarbons. For
benzene adsorbed at the acid site in mordenite, Demuth
et al. calculated the interaction energy of ~50 kJ/mol (44),
which is approximately three times higher than that with
linear molecules of hexane and hexene. The calculated in-
teraction energies of hexene and benzene are in contradic-
tion with the conclusions of the FTIR study by Trombetta
etal. (45). For n-butenes adsorbed at the acid site of HZSMS
they observe a shift of the OH stretching frequency of
~600cm~!, much higher than that of benzene of ~350cm ™.
In conclusions they state accordingly that a strength of the
O-H hydrogen bonding toward an adsorbed hydrocarbon
molecule is higher for butenes than for benzene. More com-
ments on this discrepancy are given below in the paragraph
with calculated O—H stretching frequencies.

Trajectories. Predominant movement of the single n-
hexane molecule is in the lateral direction and only a small
shift along the ¢ direction is observed during the simula-
tion. The trajectories are therefore represented as lateral
interatomic distances between the active site of the zeo-
lite (cf. position of the O4 atom in Fig. 1) and the C atoms
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FIG. 2. Trajectories of neutral molecules adsorbed in the zeolite at
high temperature: (a) hexane and (b) 3-hexene.

of the hydrocarbon molecule and are displayed in Fig. 2.
The top panel shows the trajectory of n-hexane, displaying
the distances between the O4 atom of the zeolite frame-
work and the C atoms of the molecule with exclusion of the
two C atoms of the terminal CH3 groups. Four curves are
designated 2-5 according to the numbering of the C atoms
in the inset. The periodicity of curves indicates that the sat-
urated molecule is reflected periodically between the walls
of the zeolite channel with a period of ~500 fs. The short-
est O-to-C contacts of ~3.2 A correspond to ~2.2 A be-
tween the acid H atom and the C atoms of the hydrocarbon.
Such a distance corresponds to a weak hydrogen bond (46).
A saturated molecule adsorbed at high temperature in a
zeolite thus shows rather inert behavior, making only weak
contacts to the acid site.

The bottom panel of Fig. 2 shows the trajectories of
3-hexene at two different concentrations. Displayed curves
show distances from the active site O4 of the zeolite to
the C3 and C4 atoms involved in the double bond, which
is the most reactive center on the adsorbed molecule. For
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a single molecule only one close contact following that of
the starting configuration is observed after ~1200 fs. The
increased period of time between the two contacts and ir-
regularities in the shape of curves indicates that the motion
of the unsaturated molecule is more complex than that of
the alkane. The contacting O-to-C distances of ~3.0 A are
shorter than those of the saturated molecule (cf. Fig. 2a)
but the corresponding H-to-C distance of ~2.0 A is still too
large for effective attack of the acid proton at the double
bond of the hydrocarbon molecule. Surprisingly, the time
interval during which the molecule is in a tight contact with
the active site of the zeolite of ~200 fs is not longer than
that of the saturated molecule.

Two lines at the bottom of Fig. 2b show trajectories for
the case of two 3-hexene molecules per cell. Distances are
displayed for the molecule situated closer to the active site.
Increased pressure causes that the double bond of one
molecule to stay in a tight contact with the acid site and
some O-to-C distances are as short as 2.5 A. One short-
time transfer of the acid proton to the hexene molecule
is observed during the simulation (not displayed). Despite
the increased pressure the acid proton resides at the zeo-
lite framework and no real activation of the hydrocarbon
molecule is observed.

Bond lengths. Figure 3 shows the C-H and C-C inter-
atomic distances as a function of time. The three lines in
Fig. 3a represent a bond from the terminal CH3 group and
from two different CH; groups. The bond lengths vary be-
tween ~1.02 and ~1.23 A, the largest amplitudes being ob-
served for the CH3 group. The frequencies of bonds within
the CH; groups are similar and slightly smaller than that of
the CH3 group.

While the C-H bonds accomplish simple harmonic
stretching, which is by symmetry independent of other vi-
brations, the time development of the C-C bonds shows a
more complex pattern. The lines displayed in Fig. 3b for
three distinct bonds show considerable modulation of the
stretching with other vibrational modes. The C-C distances
vary between ~1.44 and ~1.64 A.

Figure 4 shows the time development of the C-C dis-
tances in 3-hexene. For the double bond the distance ranges
from ~1.32 to ~1.42 A and is clearly distinguished from
simple bonds. The distances of the simple bonds are similar
to those in the saturated hydrocarbon (cf. Fig. 3b).

IR spectra. Figure 5 compares the experimental gas-
phase IR spectrum of hexane (47) and our simulated
vibrational states derived from the dynamics of hexane at
700 K. The dominating feature in the experimental spec-
trum is the intense band of the C-H stretching modes cen-
tered at ~2900 cm~! with the maximum at ~2960 cm™!
and a low-frequency subband at 2890 cm~!. Two weaker
bands at 1440 and 1380 cm~! originate from the asymmet-
ricand symmetric C—Cstretching, respectively. States below
1200 cm~! are due to deformation modes of the C-C and
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FIG. 3. Time dependence of the interatomic distances in n-hexane.

(a) C-H distances displayed for one bond on C; (solid), C, (dashed), and
C; (dotted). (b) C-C distances displayed for C;—C,, C,—Cs, and C3-Cy4
bonds, respectively.

C-H bonds. The simulated spectrum (Fig. 5a) shows the
C-H stretching band centered at ~2860 cm~! and a broad-
band of unresolved states spread up to ~1500 cm~!, which
comprise both the C-C stretching of the hydrocarbon and
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FIG. 4. Time dependence of the C-C distances in 3-hexene.
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FIG. 5. IR spectra of hexane. (Top panel) Experimental gas-phase
spectrum. (Bottom panel) Simulated spectrum of hexane adsorbed in the
zeolite. (a) Total density of the vibrational states. (b) The states of the H
atoms of the CHj groups. (c) The H-projected states of the CH; groups.

the skeletal vibrations of the zeolite framework. The loca-
tion of the C-H stretching bands agrees reasonably with the
experimental stretching modes. The projection of the states
onto the H atoms of the CH3 and CH; groups are displayed
in Figs. 5b and 5c, respectively. The projections show that
two components of the band can be distinguished in good
agreement with two maxima in the experimental spectrum.
The higher frequencies originate in the stretching within
the CHj3 groups and the low-frequency components stem
from the CH; groups, in good agreement with the accepted
assignment of the C—H stretching bands.

The simulated bands of the O-H stretching of the zeo-
litic Brgnsted acid site are displayed in Fig. 6. The band of
the adsorbate-free zeolite is centered at ~3810 cm~'. The
Fourier-transformed frequencies are known to result in
O-H stretching, the modes of which are ~200 cm~! higher
than experimental values, reflecting a certain overestima-
tion of the O-H bond strength. The calculated frequency
thus corresponds to that of the Brgnsted acid site of
~3610 cm™! (48, 49). The adsorption of both hexane and
hexene lowers the O-H stretching frequency (Fig. 6) by
approximately the same value. The downshift of ~180 cm™!
indicates that the contact of the absorbed molecule to
the acid hydrogen is weak and qualitatively similar for
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FIG. 6. O-H stretching bands of the adsorbate-free acid zeolite (top)
and zeolites with adsorbed hydrocarbons.

both paraffin and olefin molecules. Measured shifts of the
O-H stretching bands depend on the concentration of the
adsorbed hydrocarbon. For n-pentane of HZSMS a shift of
~100 to ~150 cm~! is observed (48). Shifts ranging from
~105 to ~115 cm™! are measured for n-hexane on H-FAU,
H-MFI, and H-MOR (50). No similar measurements on
gmelinite are reported, but our calculated shifts are in
reasonable agreement with data available on other zeolite
structures (48, 50).

Dynamical behavior of the hexane and hexene molecules
adsorbed in gmelinite shows many similarities. Both
molecules are located mainly in the center of the chan-
nel, making only weak contacts with the walls of the zeolite
framework. The time interval during which either molecule
is in a “tight” contact with the active site is also similar
(~200 fs). It is therefore not surprising that Fourier-
transformed O-H stretching frequencies are for both
molecules downshifted by a similar value of ~180 cm™!,
In contrast surprising is the observation by Trombetta et al.
(45) that the downshift due to the adsorption of butenes
in HZSMS is as large as ~600 cm~!. Their value observed
for benzene of ~350 cm™~! is in good agreement with our
downshift of 317 cm™! calculated for mordenite (44). We
therefore suggest the authors to reconsider their interpre-
tation and focus their attention on a band near 3520 cm™!
(n-butene) and near 3500 cm~! (iso-butene). These well-
visible bands are, in their spectra, left uninterpreted (Fig. 4
in Ref. (45)). Our calculated stretching frequencies indi-
cate that these bands correspond with the downshifted fre-
quencies induced by hydrogen bonding of the adsorbed
olefins.
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A high pressure of the adsorbed molecules leads to a tight
contact between the molecule and the acid site as observed
for two molecules of hexene per cell. Figure 2b shows that
the average O-to-C distance is shorter than 3 A. The acid H
atom makes three different contacts to the olefin molecule.
(i) The contact to the C atoms of the double bond is sta-
bilizing; i.e., the O—H group points directly to the C atom.
The O-H distance is considerably elongated or a short-term
proton transfer to the C atom occurs. (ii) The contact to the
7 electron density of the double bond is only slightly sta-
bilizing. (iii) Finally, the contact to the H atoms of olefin
is destabilizing; i.e., the H atoms show a tendency to avoid
each other. Both stabilizing and destabilizing contacts in-
duce deformations of the acid site, leading to considerable
deviations of the O-H bond from the equilibrium orienta-
tion. The shortest distances between the acid site and the
olefin molecule are during the short-term contacts as short
as 1.4 A (not displayed in Fig. 2b).

The O-H stretching frequencies at high pressure of olefin
molecules are displayed at the bottom of Fig. 6. The spec-
trum is much more noisy than the previous curves. In
adsorbate-free zeolite and with a single adsorbed molecule
the vibration motion of the O-H group is equilibrated. At
high pressure the tight contact with atoms of the closest ad-
sorbed molecule induces the alteration of different bonding
situations (bonding/antibonding). The acid proton is fre-
quently forced to change position. Despite the fact that it is
not permanently transferred away from the zeolite frame-
work, no distinct O-H stretching band is observed in the
IR spectra (Fig. 6, bottom). The stretching frequencies are
scattered over an interval larger than 1000 cm~! and down-
shifted from the frequency observed at low pressure. No IR
stretching bands are therefore expected in high-pressure
adsorption experiments on H forms of zeolites.

4.2. Protonized Molecule

Simulations of adsorption at the temperature of 700 K are
performed with stoichiometric gmelinite with an acid pro-
ton located at the O4 site. Under these conditions no effec-
tive proton transfer to the double bond of the unsaturated
hydrocarbon is observed. The behavior of the protonated
species in the zeolite surroundings is, however, of consider-
able interest. They represent intermediates of intrazeolite
conversions, and in particular cases the protonated species
are detected as relatively stable entities (51, 52). The under-
standing of reaction channels leading to the formation and
stabilization of such species can shed more light on the in-
trazeolite chemistry. We therefore transfer the zeolite acid
proton artifically to the double bond of the linear molecule
of 3-hexene, thus creating a secondary carbenium cation.
When the carbenium cation is left in the same position as
obtained for the relaxed neutral physisorbed molecule the
fast collapse occurs during the first steps of the dynamics.
The proton is transferred back to the zeolite framework,
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thus restoring the neutral physisorbed complex. We there-
fore place the protonated molecule in the center of the
channel at an O4-to-C distance larger than 4 A (cf. Fig. 1).
After relaxation of all atomic positions such a cation is by
~60 kJ/mol less stable than the neutral molecule adsorbed
to the acid site. The disadvantage of such a protonation
explains why the proton does not attack the double bond,
and the energy difference is too large to be overcome by
thermal energy at high temperature.

Trajectories. The MD simulations of the carbenium
cation inside the negatively charged zeolite framework
show that the protonated molecule in zeolite surroundings
is long-lived. Long-range electrostatic interactions stabi-
lize the cation, and no collapse to a neutral molecule and
an acid zeolite are observed. The protonated molecule re-
mains extended along the main channel, slightly off-center
from the location of the Al site. Compared to the neu-
tral molecule the cation is more mobile and moves both
horizontally and vertically. Much larger deformations of
the molecular chain are also observed. The MD trajecto-
ries are shown in Fig. 7. The displayed curves indicate the
distance between the O4 atom of the framework and the
C atoms of the molecule (labeling of atoms and curves
as in the inset). No periodicity as in the case of the sat-
urated molecule has been observed. The continuous in-
crease of all distances, which occurs after ~1.5 ps, is due
to the vertical movement of the carbocation along the main
channel. Interestingly, the O4-to-C distances of ~2.8 A
are similar to those observed for the neutral molecule at
high pressure (cf. Fig. 2b), but this does not lead to the
back-transfer of the proton to the zeolite framework. Af-
ter the carbocation is located in the stabilized position in
the center of the channel it seemingly does not act as a
Brgnsted acid. The proton attracts the electron density of
the double bond, thus creating a regular H-C bond and a

o

04...C distance (A)
(4]

44
34
2 4
0 1000 2000 3000
time (fs)

FIG.7. Time dependence of the distance between the zeolite frame-
work and the adsorbed protonated molecule. The location of the positive
charge is indicated by horizontal arrows at the bottom of the figure.
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positive charge located at the other C atom of the double
bond.

An interesting phenomenon accompanying the move-
ment of the carbocation in the zeolite channel is the mi-
gration of the hydride atoms along the molecular chain. It
is accomplished in such a way that the H atom in the posi-
tion neighboring the location of the positive charge jumps
to the C* atom together with the electron density of two
electrons. The hydride transfer thus leads to a shift of the
positive charge to the neighboring C atom. The starting lo-
cation of the positive charge is on the C; atom as indicated
in the inset of Fig. 7. During the simulation three trans-
fers of the hydride atom are observed. The lifetime of each
protonated form is indicated by horizontal arrows at the
bottom of the figure. The positive charge on the molecule is
mobile and seems to be correlated with the negative charge
fixed to the O atoms surrounding the Al site. The driv-
ing force behind the mobility of the positive charge is its
effective interaction with the framework and the proper
distance between the charges is tuned by shifting the hy-
dride atoms. The distances displayed in Fig. 7 show that at
the beginning of the simulation the shortest distance is ob-
served for the C; atom and corresponds to the C3 location
and at the end the CJ location correlates with the shortest
04-to-C, distance. Two positions of the protonated mole-
cule relative to the framework and corresponding locations
of the positive charge are displayed in Fig. 8. Two different
locations relative to the framework occurring after a short
simulation time of ~1 ps demonstrate high mobility of pro-
tonated species. Figure 8 also shows that a considerable
deformation of the linear molecule occurs.

Bond lengths. Figure 9 displays the C-H interatomic
distances of the H; and H, atoms of the carbocation
(cf. inset). The distances show two hydride transfers oc-
curring at ~2230 and ~2380 fs of the simulation. At the
beginning the H; atom is bound to the C; atom with a bond
length oscillating around ~1.13 A (a). This bond length of
the protonated molecule is similar to those observed in the
neutral molecule (Fig. 3). Upon the jump of H; to the neigh-
boring C, atom the distance to the C; atom increases and
the distance to the C, atom decreases to the value of the
bond length (b). The positive charge is thus relocated from
C, to Cs. Shortly later at ~2380 fs, H;, residing on the C,
atom, jumps back to the C; atom (c, d), thus returning the
positive charge to the C, atom.

In Fig. 10 the C-C bond distances are displayed on the
same time scale as that of Fig. 9. Three lines indicate one
simple C-C bond and two C-C* bonds formed upon proto-
nation of the double bond (labeling as in insert). Clear dif-
ferences in the bond length are observed for the two types of
bonds. The mean value of ~1.53 A around which the bond
distance of the simple bond oscillates agrees well with the
bond length from the static optimization of the molecule
in vacuo of 1.528 A (41). The C-C* bond distances are
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FIG.8. Location of the protonated molecule relative to the zeo-
lite framework and the position of the positive charge on the molecule.
(a)t = ~200fs, (b) t = ~1450 fs (cf. vertical arrows in Fig. 7).

elongated from the mean value of the double bond of
~1.36 A (cf. Fig. 4) to ~1.45 A. Gray zones in Fig. 10 in-
dicate a period of the hydride transfer during which the
distance of the H™ ion from either of the neighboring C
atoms is longer than 1.20 A. Note that upon the hydride
transfer a relocation of the C-C and C-C* bonds occurs
(cf. inset), ending with the readjustment of the C-C and
C-Ct distances.

IR spectra. Figure 11 displays simulated IR spectra of
the neutral and protonated hexene molecule adsorbed in
the zeolite. The C-H stretching of hexene produces an
intense band centered at ~2850 cm™! similar to that of
the saturated molecule (Fig. 5a). No major differences in
the C-H bonding are observed for the H atoms bound
to the four-coordinated neutral C atom and to the three-
coordinated C* atom (Fig. 9). The simulated spectrum of
the C-H stretching of the protonated molecule (Fig. 11b)
is therefore similar to the spectra of both the nonproto-
nated unsaturated molecule (Fig. 11a) and the saturated
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FIG. 11. Simulated spectra of neutral hexene (a) and protonated hex-
ene (b) adsorbed in the zeolite.
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molecule (Fig. 5a). All frequencies of the C—C bonding are
located below 1500 cm™! and are overlapped with skele-
tal modes of the zeolite framework. Despite distinct differ-
ences in the C-C and C-C* bonding displayed in Fig. 10
no clear and distinctive feature evidencing the existence of
the protonated intrazeolite species is expected in the IR
spectra.

5. CONCLUSIONS

First-principles short-term molecular dynamics simula-
tions for sampling the behavior of linear hydrocarbons
within an acid zeolite gmelinite at high temperature have
been performed. The trajectories show periodic movement
of the paraffin, indicating rather inert behavior of saturated
molecules. The more complex movement of the olefins is
due to slight affinity of the acid site toward the double
bond.

The simulated IR spectrum of the adsorbed hydrocarbon
is similar to the experimental spectrum of the molecule
in vacuo with the broadband of the C-H stretching cen-
tered at ~2860 cm~!. The spectra projected to the H atoms
show that high- and low-frequency components of the C-H
stretching band are due to the differences in the bonding
within the CH3 and CH; groups, respectively. In the sim-
ulated O-H stretching of the zeolitic acid site, a decrease
of frequencies is observed upon adsorption of hydrocar-
bons. The estimated downshift of ~180 cm™! is in reason-
able agreement with available experimental data.

The high-temperature behavior of the protonated species
is simulated with a linear C¢H;; carbocation located within
the main channel of the zeolite. Static relaxation of all
atomic positions of the secondary cation placed in the chan-
nel of the negatively charged zeolite framework shows that
a separation of charges is disadvantaged by ~60 kJ/mol.
Several independent simulations show, however, that the
protonated molecule is stabilized in the zeolite and no col-
lapse to the neutral molecule occurs. The balanced position
in the channel restricts the frequency of contacts with the
framework. In this situation the probability of the back-
transfer of the proton to the zeolite is low. The protonated
molecule, which is a very strong acid, is thus stabilized and
long-lived in the channel of a zeolite.

The protonated molecules show rather high mobility, and
our simulations indicate that an electronically unbalanced
bonding of the carbocation allows a deformation of the
molecular skeleton much larger than that of the neutral
molecules. No cracking or isomerization event, however, is
observed. The movement is accompanied by a series of hy-
dride transfer along the chain of the molecule. The transfer
of the H™ ion leads to the relocation of the positive charge.
The relocation is correlated with respect to the position of
the Al site in the zeolite framework. Both the significant
deformability of the backbone and the mobility of H atoms
within the protonated species observed in our simulation
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agree well with numerous scenarios of chemical conver-
sions in zeolites.

In the simulated IR spectra of protonated species we ob-
serve no distinctive feature in the C-H stretching that could
serve as evidence for the existence of carbocations. The
frequency range corresponding to the C—C bonding over-
laps that of skeletal vibration of the zeolite and this does
not make it possible to identify differences in the C—C and
C-C* bondings observed in our simulations.

Neither the dynamics of physisorbed molecules nor that
of the protonized species disclose a tendency of the lin-
ear molecules to undergo any conversion process (iso-
merization or cracking). A conversion is likely to happen
during the period of tight contact between the molecule
and a zeolite when molecules are chemisorbed and form
alkoxy species. No such contacts, however, have been
observed because high temperatures support removal of
chemisorbed molecules from the surface. Our results thus
indicate that future simulations should focus on alkoxy
species. A characterization of these reaction intermediates,
i.e., conditions of the formation, and a period of the lifetime
will require, however, simulations at considerably lower
temperatures.
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