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The dehydrogenation of propane over Zn2+-exchanged mordenite has been studied theoretically using ab
initio density-functional calculations at different levels of theory. We compare (i) total-energy calcula-
tions based on semilocal exchange-correlation functionals with those adding semi-empirical corrections
for dispersion forces, (ii) calculations based on a large periodic model of the zeolite with calculations
based on small and large finite cluster models, and (iii) calculations of the free energies of activation
and of the reaction rates based on harmonic transition state theory (hTST) with those based on thermo-
dynamic integration over free-energy gradients determined by constrained ab initio molecular dynamics.
Dehydrogenation proceeds in four steps: (i) adsorption of propane on the Zn2+ cation, (ii) dissociation of a
hydrogen atom leading to the formation of a Zn-propyl complex and a Brønsted acid site, (iii) reaction of
the acid proton and a b–H atom of propyl, resulting in the elimination of a hydrogen molecule, and (iv)
desorption of propene from the Zn2+ cation.

The periodic calculations demonstrate that the dispersion corrections increase the adsorption/desorp-
tion energies from 70 to 107 kJ/mol for propane and from 177 to 233 kJ/mol for propene and decrease the
activation energy for H-dissociation from 73 to 61 kJ/mol, while the activation energy for the heterolytic
dehydrogenation is almost unaffected with 132 kJ/mol. Hence, dispersion corrections are of foremost
importance for lowering the activation energy for H-dissociation below the desorption energy of propane.
While according to the periodic calculations the highest activation energies are predicted for the hetero-
lytic dehydrogenation and the desorption of propene, cluster calculations predict a higher activation
energy for H-dissociation than for H2 elimination. Both hTST and thermodynamic integrations show that
both activation processes lead to a loss of entropy because the transition state configurations admit for a
lower degree of disorder than the initial and intermediate states. hTST consistently underestimates the
loss of entropy, the anharmonic corrections are most important for the H-dissociation step.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The ability of Zn-exchanged zeolites to dehydrogenate is impor-
tant for the catalytic conversion of alkanes [1,2]. Many studies tried
to identify the nature of the active Zn-species and showed that be-
sides the bare divalent Zn2+ cation [3–10] charged [ZnAOAZn]2+

particles exist under oxidizing conditions [4,11]. The comparison
of the properties of these two species led to the conclusion that
the bare Zn2+ cation is the most probable active site for the dehy-
drogenation of light alkanes [2].

The mechanism of the dehydrogenation of light alkanes over
Zn-exchanged zeolites was studied both experimentally [7,12,13]
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and theoretically [14–16]. Molecular adsorption of an alkane on
the active site results already at moderate temperatures in a het-
erolytic dissociation into a propyl anion bound to the cation and
a hydrogen atom forming a Brønsted acid site by binding to an acti-
vated oxygen atom next to an Al/Si substitution site [17–20]. At in-
creased temperatures, the acid proton reacts with a b-H atom of
the propyl, leading to the formation of a hydrogen molecule and
a propene molecule adsorbed at the cation. All steps of this reac-
tion have been investigated using quantum-chemical methods.
The first theoretical study of the dehydrogenation of an alkane over
a Zn2+ cation by Frash and van Santen [14] used an extremely small
cluster consisting of the four-membered ring with two Si and two
Al atoms and the Zn2+ cation connected to four O atoms of the ring.
Along the reaction path, dehydrogenation is the rate-limiting step
with an activation energy of �224 kJ/mol for ethane. The following
studies by van Santen and co-workers [15,16] used a cluster con-
sisting of two five-membered rings and a [ZnAOAZn]2+ complex
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as the active site [15,16], leading a lower activation energy of
�200 kJ/mol. Recently, a comprehensive study by Pidko and van
Santen [21] compared the dehydrogenation of ethane over differ-
ent Zn-species. In the cluster composed of two five-membered
rings, a Zn2+ cation was placed (i) in the conventional ion-exchange
site with two Al atoms in the same ring, (ii) in the same extra-
framework site, but with only one Al atom in the same ring, the
second Al atom being located in a neighboring ring. A third config-
uration (iii) consists of two Zn atoms close to the center of two
edge-sharing five-membered rings containing each one Al atom,
connected through a bridging O atoms to form a [ZnAOAZn]2+ par-
ticle. For dehydrogenation at an isolated Zn2+ cation, the rate-lim-
iting step is the elimination of a hydrogen molecule with an
intrinsic activation energy of 147 kJ/mol. Dehydrogenation over a
[ZnAOAZn]2+ particle leads to a lower activation energy for the
heterolytic dissociation, but to a very unfavorable intrinsic activa-
tion energy of 190 kJ/mol for direct ethene desorption and an even
higher barrier 253 kJ/mol for H2 elimination. Very recently
Aleksandrov and Vayssilov [22] presented a similar cluster study
of the dehydrogenation of ethane comparing the relative activ-
ity of three different types of Zn-cations: a Zn2+ cation in the vicin-
ity of two Al atoms in a five-membered ring (similar to one of the
configurations studied by Pidko and van Santen [21]), and ZnOH+

and ZnH+ in the vicinity of an isolated Al site. In addition to the
two reaction mechanisms studied by Pidko and van Santen, a third
scenario consisting of a simultaneous interaction of both methyl
groups with the Zn2+ cation and a framework oxygen was pro-
posed. Dehydrogenation over an isolated Zn-cation was found to
be favored, with activation energies comparable to those quoted
by Pidko and van Santen. However, while Pidko and van Santen
concluded that after CAH bond-cleavage the most favorable proton
accepting site was an oxygen atom in a neighboring ring, Aleksan-
drov and Vayssilov concluded that the lowest activation energy
is found for a Zn2+ cation with two Al atoms in the same ring. In
both studies, thermal effects were treated within harmonic transi-
tion state theory. While Pidko and van Santen[21] concentrated
on the analysis of the vibrational eigenstates in relation to the
experimental results available from infrared spectroscopy[7,13],
Aleksandrov and Vayssilov[22] concentrated on the temperature
dependence of the free energies of activation and suggested that
entropy effects might at sufficiently high temperature reverse the
energetic order of different reaction scenarios.

In this work, we present the results of an ab initio density-
functional-based modeling study of the dehydrogenation of pro-
pane over Zn2+-exchanged mordenite. Corrections for dispersion
interactions not accounted for by density-functional theory have
been considered. Our approach is based on a periodic model for
the structure of the zeolite consisting of a unit cell doubled along
the c-direction. Our active site is a bare Zn2+ cation residing in
the conventional ion-exchange a-site, which is the most stable
location of the Zn2+ cation in the main channel of mordenite
[40]. The optimization of the structure of the adsorbate/zeolite
complex is performed without any constraints, i.e. our approach
accounts correctly for the flexibility of the zeolitic framework.
The use of a large supercell allows achieving a realistic Al/Si ratio
and also eliminates any possible interactions of the molecule
with replicas in the neighboring cells. Transition states along
the reaction have been determined as saddle points on the poten-
tial-energy surface. To permit a comparison with the earlier stud-
ies based on clusters, two cluster calculations have been
performed, one using a large cluster surrounding the active site
used in the periodic calculations, and a second based on the
small cluster used by Pidko and van Santen [21]. This comparison
highlights the important influence of the flexibility of the zeolitic
framework on the activation energies for different steps of the
reaction.
Entropy-effects have been considered at two different levels of
theory: (i) within a harmonic transition state theory and (ii) using
thermodynamic integrations based on free-energy gradients
determined for a series of states along the transition path using
constrained ab initio molecule-dynamics simulations. The thermo-
dynamic integration allows to account for contributions to the
entropy arising from very soft eigenmodes which are not ade-
quately described within a harmonic approximation. Reaction
rates can be calculated using an Arrhenius equation using the free
energies of activation calculated within harmonic transition state
theory, or derived from the ab initio thermodynamic integration.
This analysis demonstrates the important role of anharmonic inter-
actions in the various steps of the reaction.

2. Computational methodology

2.1. Density-functional calculations and dispersion corrections

Calculations are performed with the VASP code [23–26]. The
density-functional calculations use the gradient-corrected func-
tional PW91 [27,28]. The valence-core interaction is described
within the all-electron projector-augmented wave (PAW) method
[29,30] and valence orbitals are expanded in a plane-wave basis
set. Brillouin-zone sampling is restricted to the C-point. The
total-energy convergence is improved by a modest Gaussian
smearing (0.1 eV) of the eigenvalues, total energies have been
extrapolated to zero smearing.

Static total energy calculations for geometry optimization and
transition state search use high-precision total-energy calculations
with a plane-wave cutoff of 400 eV and standard precision of
pseudopotentials (hard potentials). The full relaxation of atomic
positions using the conjugate-gradient algorithm applies a stop-
ping criterion of 10�5 eV for the self-consistency loop and of
10�4 eV for the geometry optimizer.

Because it is well known that DFT calculations underestimate
the adsorption energies of saturated hydrocarbons in zeolites, dis-
persion corrections are calculated according to Grimme [32]. The
dispersion-corrected total energy is given

EDFT�D ¼ EKS�DFT þ Edisp; ð1Þ
where the dispersion corrections are described by semi-empirical
pair potentials given for periodic systems by

Edisp ¼ �s6

XNat

i¼1

XNat

j¼1

X0
L

Cij
6

jri;0 � rj;Lj6
f ðjri;0 � rj;LjÞ; ð2Þ

where summations go over atoms Nat and all translations of the unit
cell L = (l1, l2, l3), the prime indicates that i – j for L = 0, s6 is a global
scaling factor, Cij

6 denotes dispersion coefficient for atom pair ij, ri,L is
a position vector of atom i after performing L translations of the unit
cell along lattice vectors. The term f(rij) is a damping function whose
role is to scale the force field such as to minimize contributions
from interactions within typical bonding distances. All force field
parameters were set as proposed in Ref. [32] for the PBE functional.
These parameters also apply to DFT calculations with the PW91
functional, because both functional produce very similar total
energies.

2.2. Free energies of activation and reaction rates

The static transition state search uses the dimer method devel-
oped by Heyden et al. [31]. Adsorption and transition state ener-
gies are calculated as the difference of the total energies of the
propane/zeolite complex from the static relaxation and the ener-
gies of the gas-phase molecule and the zeolite

Eads ¼ Ezeoþpropane � Ezeo � Epropane; ð3Þ
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intrinsic activation energies are calculated as the energy difference
between reactants and transition states.

Within harmonic transition state theory (hTST), the reaction
rate constant for each step is given by

k ¼ kBT
h
� e�DFh

RT ð4Þ

with the free energy of activation given in the harmonic approxima-
tion by DFh ¼ DEZPE þ DFh

vibr and where DEZPE is the static activation
energy corrected for zero-point vibrations and DFh

vibr ¼
�RTlnðqTS=qiniÞ the vibrational free energy calculated in the har-
monic approximation from the partition function qini and qTS of
the initial and transition states.

Beyond the harmonic approximation, the change in the free en-
ergy between the initial and the transition state of an activated
process can be calculated as a path integral over the free-energy
gradient @F

@n

� �
along the reaction coordinate n connecting the two

stationary states [33]

DF1!2 ¼
Z nð2Þ

nð1Þ
dn

@F
@n

� �
n�
: ð5Þ

The free-energy gradient @F
@n

� �
n�

is evaluated at fixed values of
the reaction coordinate n* using constrained molecular dynamics
simulations [34,35]. A detailed description of thermodynamic inte-
grations applied to proton exchange reactions of hydrocarbon mol-
ecules over an acidic zeolite has been given by Bučko et al. [36].
Ensembles averages are taken over 6 ps, from MD runs performed
at fixed cell volume and using a time-step of 2 fs. Soft pseudopo-
tentials for O and N atoms allowing for a low energy cutoff of
200 eV have been used, and a 10�4 eV convergence criterion has
been applied for stopping the SCF loop. In previous work [36] we
have shown that in MD simulations cutoff energy may be reduced
and convergence criteria relaxed without affecting the accuracy of
the calculated ensemble average. The constant-temperature simu-
lations apply the Verlet velocity algorithm [37], the temperature is
controlled by an Anderson thermostat [38]. The reaction coordi-
nate is described by a collective variable constructed as a combina-
tion of interatomic distances in a way that it is simple, complete,
smooth, reversible, and imposes only soft restrictions on atomic
movements [39], for details see below.

If the free energy of activation is decomposed according to
DF = DE + DFvibr into the energy of activation DE from the static po-
tential-energy calculation, and the change in the vibrational contri-
butions to the free energy DFvibr, the importance of the anharmonic
corrections can be assessed by the comparison of DFvibr and DFh

vibr .
MC SC

a

b

(a)
Fig. 1. Framework of mordenite projected along the c vector (a). The main channel (MC) a
cell. The monoclinic 1 � 1 � 2 supercell (b). The active site is the Zn atom compensatin
D Fvibr is temperature-dependent and determines a temperature-
dependent reaction rate via Eq. (4) with a temperature-indepen-
dent prefactor. Experimental activation energies Ea are usually as-
sumed to be temperature-independent, they are derived from the
reaction rate k measured at different temperatures via an Arrhe-
nius relation of the form

k ¼ A � e�
Ea
RT ð6Þ

and determined from a plot of ln k vs 1/T. The free energy of activa-
tion may be decomposed into the enthalpy and entropy of the acti-
vation using the Eyring–Polanyi equation [46,47]

ln
k
T
¼ �DH

R
:
1
T
þ ln

kB

h

� �
þ DS

R
: ð7Þ
3. Structure model and reaction scenario

The framework and the channel system of mordenite, as well as
the location of the Zn2+ cation are displayed in Fig. 1. The lattice
parameters are fixed to the values optimized by the DFT calcula-
tions of Demuth et al. [41] (a = b = 13.655 Å, c = 7.606 Å). All calcu-
lations are performed for the 1 � 1 � 2 supercell shown in Fig. 1b.
In the cell doubled in the c-direction the length of the main
channel of �15.2 Å is long enough to accommodate a linear hydro-
carbon molecule. Moreover, the more isotropic shape of the super-
cell compared with the flat unit cell improves the stability of
constrained MD simulations. The extra-framework Zn2+ cation
compensates the negative charges of two framework Al/Si substi-
tutions. A comprehensive analysis of the stability of Al/Si substitu-
tions and the locations of extra-framework Zn2+ cations has been
presented in our earlier work[40]. It has been demonstrated that
for an isolated Al/Si substitution, a location in the T2 tetrahedral
site is most, and that in a T4 site is least stable, in agreement with
experimental results [42,44]. Placing one Al in a T2 site and a sec-
ond Al atom in all possible tetrahedral sites led to the following
conclusions: (i) Location of Al in a T4 site is energetically disfa-
vored, as for single Al/Si substitutions. (ii) Two Al atoms in near-
est-neighbor tetrahedral sites are energetically unfavorable, in
agreement with Löwensteins rule [43]. (iii) Al/Si substitutions at
short distances (in second-neighbor tetrahedral sites) are energet-
ically slightly favored. This result is surprising, because it predicts a
high stability for configurations with two Al atoms in the same
small five- or six-membered ring, in contradiction to the ‘‘five-ring
avoidance rule’’ formulated by Takaishi et al. [42] to explain the Al
distributions derived from the Si NMR spectra. It was suggested
Al

Al

Zn

(b)
nd the side channel (SC). Full (dashed) lines indicate orthorhombic (monoclinic) unit
g two Al substitutions in the six-membered ring of the MC.
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that the origin of this rule is not so much the energetics of the Al
distributions but the preferential interaction of the functional
groups of the structure-directing agents used in zeolite synthesis
with more ionic Al atoms. Electrostatic effects result in larger
AlAAl distances such that in low-Al zeolites the existence of
AlASiAAl sequences will be rather unlikely.

If a Zn2+ cation is placed into an extra-framework site, the ener-
getically most favorable configurations were again found for the
cation placed into the center of a five- or six-membered ring con-
taining two Al atoms. However, analysis of the adsorption of
molecular hydrogen demonstrated that the energetically most
favorable configurations are also those with the lowest adsorption
energies and only a modest degree of activation of the HAH bond.
Dissociative adsorption (leading to the formation of a [ZnAH]+ cat-
ion and a Brønsted OH group) was found to be always exothermic,
with a more negative heat of adsorption if the Al atoms were
placed at large distances. However, there were also some signifi-
cant exceptions in the general trend. For a configuration with an
Al atom in a T2 site in a five-membered ring and the Zn2+ cation
close to the center of this ring, the dissociation was only very
weakly exothermic because the formation of a hydroxyl group is
energetically unfavorable on framework oxygens connected to
the extra-framework cation. A similar picture was derived for the
dissociative adsorption of methane and the formation of a
[ZnACH3]+ cation and a Brønsted site. This agrees with the finding
of Pidko and van Santen[21] that for the dehydrogenation of eth-
ane adsorbed on a Zn2+ Lewis site, a location of the proton on an
oxygen atom in the same ring is energetically less favorable than
on an oxygen atom in a neighboring ring.

In our present work, we have decided to chose a configuration
which (i) allows contact with larger molecules placed into the
main channel of MOR, (ii) accounts for the ‘‘five-ring avoidance
rule’’ of Takaishi et al. [42], (iii) allows to place both Al atoms into
the same ring (thus creating an energetically favorable configura-
tion), and (iv) has two ‘‘activated’’ oxygen atoms (i.e. atoms with
Al nearest neighbors) in the same ring which are not connected
to the Zn2+ cation and hence can act as proton-accepting sites. Such
(A)

(C)

Fig. 2. Configurations along the reaction path for propane dehydrogenation. (A) Propan
(encircled), (C) an attack of the acid proton at a b-H atom of propyl , and (D) propene a
a configuration consists of two Al atoms in opposite corners of a
six-membered ring (in one T2 and one T1 site) and a highly sym-
metric location of the extra-framework Zn2+ cation in the center
of the ring (cf. Fig. 1b), forming a stable configuration [40]. Due
to energetically favorable locations of both Al/Si substitution sites
and the cation, this configuration is expected to occur frequently in
mordenite.

The dehydrogenation of propane in the gas-phase is an endo-
thermic reaction with a measured enthalpy of reaction of
124.9 ± 2.1 kJ/mol [45], to be compared with 153.2 kJ/mol resulting
from DFT calculations. The reactions catalyzed by a Zn-exchanged
zeolite proceeds in four steps, adsorption, dissociation and forma-
tion of a Zn-propyl and a Brønsted site, dehydrogenation, and
desorption of propene according to the scheme:

MORAZnþ C3H8 !MORAZn � � �C3H8; ð8Þ
MORAZn � � �C3H8 ! HAMORAZnAC3H7; ð9Þ
HAMORAZnAC3H7 !MORAZn � � �C3H6 þH2; ð10Þ
MORAZn � � �C3H6 !MORAZnþ C3H6: ð11Þ

Alternatively to the dehydrogenation by reaction between the
acid proton and a b-H atom of the chemisorbed propyl, a reaction
scenario consisting of the elimination of propene from the Zn-
propyl species, formation of a zinc hydride, followed by the
recombinative desorption of a hydrogen molecule formed from
the Zn-hydride and the Brønsted acid proton has been proposed
[21]. Reactants, intermediates and products corresponding to reac-
tion scenario (Eqs. (8)–(11)) are displayed in Fig. 2. Adsorption of
propane occurs by formation of a contact between a terminal C
atom and the Zn2+ cation (Fig. 2A) with a C-Zn distance of
�2.38 Å. After dissociation of a H atom from the terminal methyl
group, the CAZn distance is reduced to �1.96 Å (Fig. 2B), reflecting
a stronger binding of the propyl anion. The proton binds to an acti-
vated O atom of the zeolite framework next to the Al atom, forming
a Brønsted acid site (Fig. 2B). Note that the acid proton binds pref-
erentially to a O atom to which the Zn2+ cation is not connected.
The acid proton attacks a b-H atom of the grafted propyl fragment
(B)

(D)

e adsorbed on Zn2+, (B) propyl bound to the Zn2+ cation and a Brønsted acid site
dsorbed on Zn2+ and a free H2 molecule in the zeolite channel.
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(Fig. 2C), forming a H2 molecule while the propene molecule re-
mains adsorbed on the Zn2+ cation (Fig. 2D).

4. Results and discussion

4.1. Reaction path – static periodic calculations

The activation energy for each reaction step is determined by
the difference between the saddle-point energy and the total en-
ergy of the reactants. For the search of the saddle point along the
reaction path, an appropriate reaction variable has to be defined.
For the first reaction step, the abstraction of a H atom from pro-
pane adsorbed at the Zn-cation, the reaction coordinate may be de-
fined as n = r1 � r2 where r1 is the distance between the H-atom
and the C carbon in the terminal CH3 group and r2 the distance be-
tween the H atoms and an ‘‘activated’’ O atom next to a Al/Si sub-
stitution site, i.e in the newly created Brønsted site (see Fig. 3a). For
the second step, the formation of a H2 molecule by reaction of the
acid proton with a H atom from the propyl adsorbed at the Zn2+

cation, a convenient choice of a simple reaction coordinate is
n = r1 + r2 � r3 where r1 is the CAH bond-length, r2 the OAH
bond-length and r3 is the distance between the two H atoms
O

r1

r2

H

(a)
Fig. 3. Reaction coordinates n = r1 � r2 for the abstraction of a H atom from adsorbed pro
of a H atom of the adsorbed propyl and from the OH group of the Brønsted acid site (b)

Fig. 4. Potential-energy profile for the dehydrogenation of propane as derived from stat
ZnAMOR and propane in the gas-phase. The configurations A (reactant–propane adsorbe
Intrinsic activations energies for forward and backward reactions are listed on both sides
into contributions from the binding to the Zn-cation and from the potential in the center
(1)) are given in parentheses and displayed by dashed lines.
forming the hydrogen molecule formed during the reaction (see
Fig. 3b). The reaction coordinates involve the positions of all the
atoms whose bonding is affected by the reaction; hence, it is com-
plete and varies smoothly along the reaction path. The transition
states along the reaction path are determined using Heyden’s di-
mer method [31]. The same reaction coordinates have also been
used in the thermodynamic integrations.

The potential-energy profile resulting from the static optimiza-
tion of reactant, intermediate, and product configurations and the
transition state search using the improved dimer method is dis-
played in Fig. 4 for DFT with and without dispersion corrections.
Propane adsorption has been modeled in two steps: first, the mol-
ecule is placed approximately in the center of the main channel,
then it is allowed to react with the Zn2+ cation. Long-range interac-
tions of the saturated hydrocarbon with the zeolite framework are
weak, propane in the main channel of MOR has an adsorption en-
ergy of only ��10 kJ/mol. Binding to the Zn2+ cation lowers the
energy by �60 kJ/mol, resulting in an adsorption energy of
Eads � �70 kJ/mol. Dissociation of propane into a propyl anion with
a formal charge of -1bound to the Zn2+ cation and a proton forming
a Brønsted acid site by binding to an activated O framework atom
(configuration B) is weakly endothermic with a heat of reaction of
O

C

r1

r2

r3
H

H

(b)
pane (a) and n = r1 + r2 � r3 for the formation of a hydrogen molecule by the reaction
, cf. text.

ic periodic calculations. The total energies EDFT (in kJ/mol) are calculated relative to
d at the Zn-cation in MOR ), B and D (reaction intermediates) are same as in Fig. 2.
of the transition states (TS1, TS2), adsorption (desorption) energies are decomposed
of the zeolitic cavity. Dispersion-corrected total and activation energies EDFT � D (Eq.



Table 1
Selected interatomic distances (in Å) of the intermediates and transition states for the
dehydrogenation of propane over Zn2+AMOR. Oxygen atoms binding the Zn2+ cation
are labeled O1–O4, atoms located at opposite corners of the six-membered rings
available for the formation of a Brønsted site O5 and O6. Hydrogen atoms in the
terminal methyl groups are labeled H1–H3, those belonging to the secondary CH2

group H4 and H5. r1,2 and r3 are the interatomic distances determining the reaction
coordinates for the hydrogen-dissociation reaction (n1 = r1 � r2) and for the formation
of a hydrogen molecule (n2 = r1 + r2 � r3). Cf. Fig. 2 and text.

State A TS1 B TS2 D

ZnAO1 2.036 2.065 2.084 2.060 1.995
ZnAO2 2.273 2.096 2.276 2.323 3.332
ZnAO3 2.018 2.217 2.393 2.060 2.042
ZnAO4 2.198 3.013 3.047 2.802 3.116
ZnAC1 2.318 2.065 1.956 2.017 2.173
C1AH1 1.097 1.104 1.101 1.098 1.095
C1AH2 1.118 1.114 1.100 1.100 1.094
C1AH3 r1 1.118 1.483 3.809 2.996 3.442
O5AH3 r2 3.118 1.248 0.979 1.568 3.685
C1AC2 1.549 1.538 1.533 1.438 1.369
C2AH4 1.099 1.102 1.103 1.095 1.097
C2AH5 1.100 1.099 1.105 1.525 3.223
H3AH5 r3 2.423 2.309 2.356 0.839 0.750

n1 �2.00 0.235 2.830
n2 1.632 3.725 6.377
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�28 kJ/mol and an activation energy of 73 kJ/mol, i.e. slightly high-
er than the desorption energy. The barrier of the inverse reaction is
only 45 kJ/mol.

Geometric information on intermediates and transition states is
compiled in Table 1. In the molecularly adsorbed configuration, all
four bonds between the Zn2+ cation and framework oxygen atoms
are preserved, CAH bonds in the terminal methyl group linked to
the cation are slightly elongated (this is also reflected in a red-shift
of the asymmetric CAH stretching mode – see below). In the tran-
sition state for dehydrogenation (TS1), one of the ZnAO bonds is
broken and the H3 atom begins to connect to the activated frame-
work oxygen O5. The contraction of the ZnAC1 distance shows that
in the transition state the propane is more strongly attached to the
cation than in the reactant state. Comparison of the C1AH3 and
O5AH3 distances shows that this is a late transition state. In the
intermediate state B, the short ZnAC1 distance reflects the strong
binding in the [Zn-propyl]+ complex. For the reaction intermedi-
ates (states B and D), as well in the transition state TS2 for the for-
mation of a H2 molecule the bond between the Zn2+ and the
framework oxygen atom O4 is broken, reflecting the stronger
adsorbate-cation and weaker cation-framework bonding. The
C1AC2 distance shortens from �1.53 Å in propyl (state B) to
�1.44 Å indicating a transition from a single CAC to a double
C@C bond. The distance of two H atoms forming the H2 molecule
is 0.839 Å (cf. Table 1). The state D consists of propene adsorbed
at the Zn2+ cation and a H2 molecule in the cavity of the zeolite.
While propane and propyl form a r-bond to the Zn-cation, propene
is adsorbed via the interaction of the p-states in the C@C bond with
the cation. Two ZnAC distances of �2.17–2.48 indicate an asym-
metric configuration of the adsorbed molecule.

The activation energy for the formation of a hydrogen molecule
by reaction between the acid proton and a b-H atom of the propyl
(transition state TS2) is �132 kJ/mol, this reaction is slightly endo-
thermic with a heat of reaction of �18 kJ/mol. The activation en-
ergy for the reverse reaction is �114 kJ/mol. The energy
difference between adsorbed propane and propene (plus a hydro-
gen molecule) is only �46 kJ/mol, i.e. much lower than the heat
of reaction for dehydrogenation in the gas-phase. To desorb the
propene molecule from the Lewis site requires an energy of
�121 kJ/mol, further 55 kJ/mol are required to remove the propene
and hydrogen molecules from the zeolite cavity.
4.1.1. Dispersion corrections to the potential-energy profile
The dispersion-corrected total energies along the reaction path

are shown in Fig. 4 as dashed lines, numerical values are given in
parentheses. Van der Waals forces increase the adsorption energy
of propane placed into the center of the zeolitic cavity by
�31.8 kJ/mol to �42.2 kJ/mol, the energy of chemisorption at the
Zn2+ cation increases by 37.3–107.1 kJ/mol. As the transition state
TS1 is less strongly stabilized by the dispersion forces, the activa-
tion energy is reduced by about 12 kJ/mol to �61 kJ/mol. Hence,
dispersion corrections make an important difference: while with-
out van der Waals corrections the desorption energy of propane
is lower than the activation energy for heterolytic dissociation of
a H atom, the situation is reversed if the dispersion corrections
are taken into account. If only the energy required to detach pro-
pane from the Lewis site (without eliminating it from the zeolite)
is considered, the impact of the dispersion forces is even more pro-
nounced. The dispersion corrections are also smaller for the cova-
lently-bonded Zn-propyl species such that the reaction is now
slightly less endothermic. For the second reaction step, the abstrac-
tion of a hydrogen molecule, the dispersion corrections are essen-
tially thermo-neutral, the endothermic heat of reaction is
increased only by 1 kJ/mol. The effect of the van der Waals forces
is only slightly more pronounced for the transition state TS2, the
activation energy increases from 132 kJ/mol to 137 kJ/mol. Hence,
the most important contribution of the dispersion forces is to sta-
bilize the adsorption of the saturated alkane at the Lewis site, fol-
lowed by a reduction of the activation energy for dissociation.

4.2. Reaction path – static cluster calculations

It appears to be tempting to compare the present results for the
dehydrogenation of propane with those of the previous cluster
studies for the dehydrogenation of ethane [21,22]. However, not
only the difference in the length of the alkane and the different
description of the zeolite (large periodic model vs. minimal cluster)
has to be considered, the studies differ also in the configurations
chosen for the Lewis site and in the choice of the exchange-
correlation functional (Aleksandrov and Vayssilov[22] used a con-
ventional, although slightly different gradient-corrected functional,
whereas Pidko and van Santen [21] used a hybrid functional). To
permit a serious assessment of the differences between periodic
an cluster calculations, the potential-energy profile for the dehydro-
genation of propane by ZnAMOR was calculated for two types
of clusters: (i) A large cluster consisting of a complete ring
surrounding the zeolitic cavity and the Zn-cation located in a six-
membered ring with two Al/Si substitutions, in exact correspon-
dence to our periodic model. This cluster contains 22 tetrahedral
sites. (ii) A small cluster consisting of two edge-sharing five-
membered rings with two Al/Si substitutions in one of the rings,
in analogy to the cluster used by Pidko and van Santen to study eth-
ane dehydrogenation [21]. The two clusters are shown in Fig. 5.

The calculations have been performed for clusters placed into
the center of a large periodically repeated box. The dimensions
are 16 � 16 � 15 Å for the large cluster, the minimal distances be-
tween periodically repeated images of the clusters (between termi-
nating H atoms whose positions are frozen) are 3.5–5 Å. The
positions of the atoms in the cluster are initially the same as in
the periodic structure, all dangling bonds were saturated with
hydrogen and the SiAH and AlAH bond-lengths were optimized
while the positions of all other atoms remained fixed at their crys-
tallographic positions. For the study of the adsorption and dehy-
drogenation of propane, the positions of the terminal H atoms
are fixed, while all other atomic coordinates are optimized. This
corresponds to the procedure adopted by Pidko and van Santen.
Dispersion corrections have not been considered, because for the
small cluster no interactions of the molecule with the wall of the
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Fig. 5. Large (a) and small (b) cluster models for ZnAMOR, cf. text and Fig. 1 for the full periodic structure.

Fig. 6. Potential-energy profile for the dehydrogenation of propane as derived from DFT calculations for the large cluster. The total energies EDFT (in kJ/mol) are calculated
relative to the isolated cluster and propane in the gas phase. The configurations A, B and D represent adsorbed propane (A), adsorbed propyl plus a Brønsted site (B), and
adsorbed propene plus a free H2 molecule (D). Intrinsic activations energies for forward and backward reactions are listed on both sides of the transition states (TS1, TS2).
Zero-point corrected total and activation energies are given in parentheses and displayed by dashed lines.
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zeolitic cavity are possible. The potential-energy profile for the
dehydrogenation reaction, as calculated for the large cluster is
shown in Fig. 6.

Compared to the periodic calculations, we find a good agree-
ment for the adsorption energy of propane (which is lower by
�5 kJ/mol only), but a dramatic increase in the activation energy
for H-dissociation (TS1) which is almost doubled compared to
the periodic calculations (�136 kJ/mol vs. 73 kJ/mol). Likewise,
the reaction intermediate B is destabilized, being only 5 kJ/mol be-
low the reference energy. On the other hand, the activation energy
for the formation of a hydrogen molecule by reaction between a b-
H atom of propyl and the Brønsted H-atom (TS2) decreases to
119 kJ/mol (132 kJ/mol in the periodic calculations). The energy re-
quired to detach propene from the cation (�121 kJ/mol) is the
same as calculated with the periodic model, but much more energy
is required to eliminate propene from the cavity in the extended
periodic structure than from the center of the ring-shaped large
cluster.

The ZPE-corrected energies of configurations A and B only
slightly differ from the static potential energies. Because in a tran-
sition state one vibrational frequency is imaginary and does not
contribute to the partition function, the ZPE-correction is slightly
larger for TS1 compared with configurations A and B. The
ZPE-corrected energy decreases by �7 kJ/mol and �18 kJ/mol for
TS1 and TS2, respectively. It is well known that the dehydrogena-
tion has a significant effect on the calculated reaction enthalpy
[48,49]. Upon the dehydrogenation of propane, the number of
bonds decreases by one and the number of vibrational modes of
a single molecule decreases by five. The cluster calculation of prod-
ucts in vacuo provides the ZPE-correction of �27 kJ/mol and the
over-all reaction enthalpy is 120.6 kJ/mol, in reasonable agreement
with the experimental enthalpy measured in the gas phase of
124.9 ± 2.1 kJ/mol [45]. Due to numerical difficulties with the loca-
tion of the global potential-energy minimum for the configuration
D (the weakly bonded H2 molecule can be located in numerous
sites along the zeolite ring), the ZPE-correction is not calculated.

While the periodic calculations predict that the activation en-
ergy for H2 elimination is much higher than for the heterolytic
H-dissociation, the cluster calculations predict that the activation
energies for H-dissociation from absorbed propane and H2 elimina-
tion are of comparable magnitude. The origin of the differences in
the reaction scenarios are evident: while for the weak interaction
between the saturated propane molecule and the Zn-cation, cluster
and periodic calculations are in good agreement, the stability of the
more strongly bound intermediates (adsorbed propyl and propene)
and of the transition states is drastically reduced in the cluster
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models. The essential difference is the flexibility of the periodic
framework of the zeolite which is absent due to geometric con-
straints imposed on the boundary of the cluster. However, in both
cases, the activation energy for the reaction reversing the H-disso-
ciation is much lower than for the forward reaction. This will re-
duce the concentration of the reaction intermediate B – a more
detailed analysis would require a detailed micro-kinetic modeling.
The over-all heat of reaction for the propane dissociation (pro-
pane ? propene + H2) is 154.4 kJ/mol (calculated for a gas-phase
reaction), 153.2 kJ/mol (calculated using a periodic model of
MOR) and 147.4 kJ/mol (calculated using the cluster model) – the
small remaining differences reflect the margin of inaccuracy of
the calculations. These are due to the fact that after going through
the various reaction steps, the systems do not completely relax to
their initial states.

A similar picture arises from the calculations using the small
cluster with eight tetrahedral sites only (Fig. 7). In this case, we
have studied a reaction path for the dehydrogenation of ethane
where the Brønsted site was created in the five-membered ring
centered by the Zn-cation. This permits a direct comparison with
earlier cluster studies. The calculations follow the same strategy
as for the large cluster with the Zn-cation in a six-membered ring.
The adsorption energy of ethane is reduced because of the lower
reactivity of a Zn-cation in close proximity to two Al atoms, but
the activation energy for the heterolytic H-dissociation is only
slightly higher than for the large cluster and much higher than cal-
culated using the periodic model. The activation energy for the H2

elimination is strongly increased to �189 kJ/mol, which is much
higher than found using both the periodic and the large cluster cal-
culations. The reason is that the Brønsted proton placed into the
same five-membered ring as the cation has lower acidity than
the proton in the larger six-membered ring at a slightly larger dis-
tance from the Zn-cation. In the energetic profile, we have also in-
cluded the activation and intermediate-state energies calculated
by Pidko and van Santen [21] for ethane dehydrogenation. We find
that the profiles are in semiquantitative agreement; hence, by
comparison with the earlier cluster calculations for ethane dehy-
drogenation, we can draw some general conclusion regarding the
dehydrogenation of short alkanes.
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Fig. 7. Potential-energy profile for the dehydrogenation of ethane as derived from DFT ca
energies EDFT (in kJ/mol) are calculated relative to the isolated cluster and ethane in the
ethyl plus a Brønsted site (B), and adsorbed ethene plus a free H2 molecule (D). Intrinsic ac
transition states (TS1, TS2). Numbers in parentheses and dashed lines give the energies
functional and the same cluster and reaction scenario.
4.2.1. Comparison with cluster calculations for ethane
dehydrogenation

We begin with the variation of the adsorption energy in the ser-
ies methane–ethane–propane. For the same Lewis site configura-
tion as used in the periodic calculations, the adsorption energies
are �45/�50/�59 kJ/mol for methane/ethane/propane (without
dispersion corrections). Aleksandrov and Vayssilov did not report
adsorption energies, but Pidko and van Santen found adsorption
energies of �26 kJ/mol for a Zn2+ cation with two Al sites in the
five-membered ring and �53 kJ/mol if only one Al atom is located
in the same ring. According to our previous work [40], sites with
the Zn2+ cation in a five-membered ring have adsorption energies
for methane of �44 kJ/mol if two Al atoms are present in the ring,
increasing to�65 to �78 kJ/mol if only one Al is present in the ring.
We did not extend these calculations to ethane, but the compari-
son suggests that the adsorption energies calculated by Pidko
and van Santen [21] using a hybrid functional are lower than those
calculated using a gradient-corrected functional by about 20 kJ/
mol, in agreement with many similar observations. The difference
between a cluster and a periodic approach is evidently less impor-
tant at this point.

For the activation energy of the first reaction step (H-dissocia-
tion from ethane), Pidko and van Santen [21] calculated intrinsic
activation energies of 117 and 150 kJ/mol for one Al atom in the
5MR, and of 139 and 168 kJ/mol for two Al atoms in the same
5MR as the Zn cation (the lower value always applies to the case
where the Brønsted site is created in a different 5MR). The activa-
tion energy of 79 kJ/mol reported by Aleksandrov and Vayssi-
lov[22] for a Zn-cation in the same 5MR with two Al sites is
calculated relative to the ethane molecule in the gas-phase, i.e.
the adsorption energy has to be added to allow comparison with
the intrinsic activation energies. Assuming an adsorption energy
of ��50 kJ/mol comparable to our result (as suggested by the re-
sults for methane adsorption), an intrinsic activation energy of
�130 kJ/mol can be estimated. Hence, the difference in the func-
tionals used by both cluster calculations seems to be less impor-
tant for the activation energies than for the adsorption energies.

At this stage, we note an important difference between our
results derived from periodic models on one hand, and our cluster
TS2
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lculation for the small cluster consisting of two five-membered rings only. The total
gas-phase. The configurations A, B and D represent adsorbed ethane (A), adsorbed
tivations energies for forward and backward reactions are listed on both sides of the
calculated for ethane dehydrogenation by Pidko and van Santen [21] using hybrid



Table 2
Vibrational enthalpy Hvib and entropy Svib of configurations along the reaction path,
calculated at T = 300 K in the harmonic approximation.

Configuration Hvib (J/mol) Svib(J/K mol)

A 393.8 184.8
TS1 377.3 161.3
B 391.4 186.9
TS2 369.4 165.6
D 373.8 217.6

Table 3
Static activation energy DE, activation energy corrected for zero-point energy DEZPE,
entropy terms T � DS, and the change of the free energy DFhTST (kJ/mol).

Transition DE DEZPE �T � DS DFhTST

A ? TS1 73.0 58.1 7.1 (300 K) 65.2
12.5 (500 K) 70.6
17.9 (700 K) 76.0

B ? TS1 44.7 33.2 7.7 (300 K) 40.9
15.4 (500 K) 48.6
23.2 (700 K) 56.4

B ? TS2 132.0 112.2 6.4 (300 K) 118.6
11.2 (500 K) 123.4
15.7 (700 K) 127.9

D ? TS2 113.9 116.3 15.6 (300 K) 131.9
31.4 (500 K) 147.7
47.4 (700 K) 163.7
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results and those of the previous cluster studies on the other hand.
The cluster calculations predict an intrinsic activation energy
which is much higher than that from the periodic calculations
(and further increased for a cation location in a five-membered in-
stead of a six-membered ring). For the cluster calculations, the
activation energy is always higher than the desorption energy of
the reactant, while in our study we derived an activation energy
which is comparable (or even lower, if dispersion corrections are
taken into account) than the desorption energy. We think that
the lower activation energy achieved in our calculations is the re-
sult of the full flexibility of the zeolitic framework – optimization
of all configurations is performed without any other constraints
other than the fixed volume and shape of the large supercell. Opti-
mization of the clusters on the other hand is subject to various con-
straints fixing the boundary of the cluster.

For the activation energy of the H2 elimination step Pidko and
van Santen [21] reported values varying between 106 and 166 kJ/
mol, depending on the location of the Al atoms and of the Brønsted
site. The reaction is weakly exo- or endothermic, with the heat of
reaction varying between �59 and +15 kJ/mol. Aleksandrov and
Vayssilov [22] found a comparable activation energy of 154 kJ/
mol for their cluster consisting of a single ring. We find here a sim-
ilar activation energy of 132 kJ/mol for periodic and of
119 (189) kJ/mol using the large (small) cluster.

Hence, the decisive difference between the cluster calculations
and our periodic simulations is in the activation energy for the dis-
sociation step. We think that the difference arises (i) from a more
appropriate choice of the active site which allows to accommodate
both Al/Si substitution sites and the Brønsted site in the same six-
membered ring without a significant energetic penalty and (ii) to
the fact that our periodic simulations account for the full flexibility
of the zeolitic framework. We expect that the scenario for the
dehydrogenation of other short alkane will be similar to that de-
scribed here for propane.
4.3. Harmonic transition state analysis

Vibrational frequencies of reactants, transition states and prod-
ucts have been calculated using the direct force-constant approach
implemented in VASP. Knowledge of the eigenstates allows to esti-
mate the entropic contributions to the reaction barriers and reac-
tion rates, as well as to confront our results with experimental
infrared spectroscopy.
4.3.1. Vibrational eigenstates of the adsorbate–substrate complex
Diffuse reflectance infrared Fourier transform (DRIFT) measure-

ment have been presented by Kazansky et al. [13,17] for methane
and ethane adsorbed on Zn-exchanged ZSM5. For adsorbed meth-
ane a very intense mode at 2805 cm�1 has been attributed to a
strongly red-shifted symmetric CAH stretching mode. For ad-
sorbed ethane a strongly red-shifted band at about 2738 cm�1, a
group of four modes in the range of 2875–2993 cm�1, with relative
intensities varying strongly with partial pressure and temperature
treatment have been detected. After heating at moderate temper-
atures also the modes at 3610 cm�1 characteristic for OH groups
appeared.

The calculated CAH stretching frequencies of propane adsorbed
in the zeolite framework range between 2960 cm�1 and
3050 cm�1. Upon adsorption on the Zn2+ cation the CAH stretching
frequencies of two H atoms neighboring with the cation decrease
to 2806 cm�1 and 2868 cm�1. The red-shift by �150 cm�1 reason-
ably compares with red-shifted modes observed in IR spectra of
methane and ethane [13,17]. No red-shifted modes are calculated
for the chemisorbed configuration B. The stretching frequency of
the hydroxyl group at the Brønsted site is 3660 cm�1.
4.3.2. Free energies calculated in a harmonic approximation
The vibrational enthalpies and entropies calculated in the har-

monic approximation at a modest temperature of 300 K for the
reaction intermediates and transition states are compiled in Ta-
ble 2. The important result is the variation of the entropy along
the reaction path. In the transition state TS1 for heterolytic H-dis-
sociation, the system looses entropy because of a sharply defined
transition state geometry with the H3 atom in a position about
half-way between the terminal C1 atom and the framework oxy-
gen O5 (see Table 1). In the intermediate state B (adsorbed propyl),
the entropy is again almost the same as for the reactant state (ad-
sorbed propane). Entropy is decreased again in transition state TS2,
but strongly increased in state D due to the high mobility of the H2

molecule in the zeolitic cavity.
Table 3 compiles the zero-point corrected activation energies

and the entropic contributions to the free energies of activation
at different temperatures, calculated in the harmonic approxima-
tion. Fig. 8 presents the zero-point corrected potential-energy pro-
file, with and without dispersion corrections. Zero-point
corrections lead to an over-all reduction of the activations energies,
the effect is strongest for the H2 elimination step were the activa-
tion energy is reduced from 132 to 112 kJ/mol. The ZPE-corrected
reaction enthalpy of 119.5 kJ/mol agrees with the reaction enthal-
py calculated using the large cluster (cf. Fig. 6) of 120.6 kJ/mol and
is in reasonably good agreement with the experimental gas-phase
dehydrogenation enthalpy of propane of 124.9 ± 2.1 kJ/mol [45].
Entropic contributions lead to free-energy barriers which increase
with temperature. This effect is largest for the inverse reaction
D ? TS2 because of the large loss of entropy compared to a config-
uration D where the H2 molecule moves freely in the cavity of the
zeolite.

4.4. Thermodynamic integrations

We have used thermodynamic integrations to calculate the
change in the free energy between the reactant, transition, inter-
mediate and product states determined by the static calculations.



Fig. 8. Potential-energy profile for the dehydrogenation of propane as derived from periodic calculations, including zero-point calculations, without (full lines) and with
dispersion corrections (broken lines and numbers in parentheses).
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The reaction coordinate connecting reactant and product states has
been defined above.
4.4.1. Constrained MD – free energies of activation
The gradients of the free-energy change @F

@n

� �
for the dissociation

(A ? B) calculated at 300 K are displayed in Fig. 9. During the dis-
sociation, a change of bonding of three atoms C, H, and O occurs (cf.
inset in Fig. 9). The constrained MD uses the collective variable
n = r1 � r2 (cf. inset in Fig. 9). A continuous change of n leads to
the conversion of the structure A to the transition state TS1 and
further to the structure B, in which the Brønsted acid site is formed.
The values of the collective reaction coordinate at 300 K (Fig. 9) are
�1.97/0.25/3.1 Å for configurations A/TS1/B, respectively, only
slightly different from the T = 0 K limit (cf. Table 1). In the transi-
tion state the H atom to be dissociated from propane is about
half-way between the terminal C and the framework oxygen atom.
Because of larger electronegativity and therefore larger attractive
power of the O atom, the equilibrium position is shifted towards
the C atom and at 300 K corresponds to n = 0.25 (cf. Fig. 9).

Fig. 10 displays the free-energy gradients calculated for the
dehydrogenation of the reaction intermediate between structures
B and D (cf. Figs. 2 and 4). Here, the change of bonding of four
atoms occurs (C, 2H, and O). The simplest, complete, and smooth
collective variable is n = r1 + r2 � r3, where r1 is the CAH bond-
length, r2 is the OAH bond length, and r3 is the distance between
two H atoms, which are extracted from the framework and the
zinc-propyl intermediate, and form the H2 molecule (cf. inset in
Fig. 10).

Changes of the free energy calculated as a path integral (cf. Eq.
(5)) between stationary points of the reaction coordinate A, TS1, B,
TS2, and D (cf. Figs. 9 and 10) at 300 K, 500 K, and 700 K are col-
lected in Table 4. Standard deviations of the free-energy changes
are calculated via the integration of maximum/minimum values
of the gradients allowed by the standard deviation in the MD run
of the particular configuration. Note that for MD runs of the same
length the standard deviation increases with increased tempera-
ture of the MD simulation.

The comparison of the free energies of activations from the full
anharmonic approach and from the harmonic approximation dem-
onstrates that the successive steps of the reaction are affected to a
different degrees by anharmonic effects. The barrier for the hetero-
lytic H-dissociation (A ? TS1) is strongly increased – evidently this
is a consequence of the loss of entropy during the activation from a
weakly adsorbed propane molecule to a more strongly bound tran-
sition state. The geometric analysis has demonstrated that TS1 is a
late transition state, the H atom abstracted from propane is already
closer to the framework oxygen than to the terminal C atom. The



Table 4
Changes of the free energy calculated as a path integral of free-energy gradients
between stationary points (DFanharm) and in the harmonic approximations (DFharm), in
kJ/mol.

T Transition DFanharm DFharm Transition DFanharm DFharm

300 K A ? TS1 98.8 ± 5.0 65.2 B ? TS1 42.9 ± 4.3 40.9
500 K 113.9 ± 6.4 70.6 51.2 ± 4.9 48.6
700 K 121.1 ± 7.6 76.0 52.0 ± 6.5 56.4

300 K B ? TS2 119.4 ± 3.9 118.6 D ? TS2 119.1 ± 5.8 131.9
500 K 126.3 ± 6.4 123.4 140.1 ± 6.6 147.7
700 K 132.3 ± 7.4 127.9 151.1 ± 9.8 163.7

Table 5
Natural logarithms of reaction rates calculated using mean values of path-integrated
free energies (s�1).

T Transition lnk Transition lnk

Anharm Harm Anharm Harm

300 K A ? TS1 �10.168 7.102 B ? TS1 12.260 15.641
500 K 2.580 14.084 17.669 18.455
700 K 9.505 17.166 21.367 19.641

300 K B ? TS2 �18.421 �11.826 D ? TS2 �18.290 �18.693
500 K �0.404 0.680 �3.721 �1.835
700 K 7.573 9.487 4.353 9.828
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transition state resembles already rather closely the intermediate
state B (propyl adsorbed at the cation plus an OH group). This also
explains that the reverse reaction (activation B ? TS1) is hardly af-
fected by anharmonic effects. Anharmonicity is strongest for the
weakly bound adsorbed propane where the softest modes (vibra-
tions and librations of the molecule relative to the framework)
are not well described in an anharmonic approximation. The next
activation step (B ? TS2) is also hardly affected by anharmonicity
because in both cases there are no soft modes in either configura-
tion. The activation from the reverse reaction (D ? TS2) is strongly
affected by the anharmonic contributions because in state D (ad-
sorbed propene plus a H2 molecule in the cavity) the translational
and rotational motions of the nearly free hydrogen molecule are
not adequately described within a harmonic theory. Altogether
we find that while within harmonic transition state theory, the
rate-determining step for the dehydrogenation process is the H2-
elimination step, the thermodynamic integrations lead to a slightly
different picture, with a smaller difference in the free energies of
activation decreasing further at elevated temperatures.

The path-integrated free energies of activation may be decom-
posed into enthalpy and entropy contributions using the Eyring–
Polanyi equation plots (cf. Eq. (7)). This analysis demonstrates that
anharmonicity effects are strongest for the heterolytic dissociation
(A ? TS1) were the loss of entropy upon activation is �24 J/mol K
in the harmonic approximation and �60 J/mol K from the thermo-
dynamic integration: Anharmonicity also leads to a larger loss of
entropy (�86 J/mol K instead of �52 J/mol K) for the D ? TS2 acti-
vation, while the activation processes starting from the intermedi-
ate B are hardly affected.

4.5. Reaction rates

Reaction rates calculated according the Arrhenius equation (Eq.
(6)), using the free energies of activation from the thermodynamic
integrations (and including anharmonic effects) and from har-
monic transition state theory are collected in Table 5.

The reaction rates are inversely proportional to the change of
the free energy DF. At 300 K, the lowest rate resulting from the
thermodynamic integrations is calculated for the H2 elimination
[B ? TS2, ln k = �18.4 (�11.8) – reaction rates from harmonic
transition state theory are given in parentheses] which is much
slower than the heterolytic H-dissociation [A ? TS1, ln k = �10.2
(7.1)]. Reaction rates calculated from hTST are much higher
because the harmonic approach underrates the loss of entropy
upon activation. If anharmonicity is taken into account not only
rates are reduced, but the difference in the reaction rates of the
two steps is also reduced. However, the concentration of the reac-
tion intermediate (the Zn-propyl complex plus a Brønsted site) is
also reduced by a very fast backward reaction (B ? TS1) which is
slowed down due to anharmonic effects. At higher temperature,
the relative magnitudes of the reaction rates change appreciably.
At 700 K, the reaction rates for the H-dissociation and H2 elimina-
tion steps are comparable in the anharmonic approach, while in
hTST the rate of H-dissociation is still much higher. However, as
the rate for the reverse B ? TS1 increased much faster with
temperature in the anharmonic approach, the H-dissociation step
remains dominant.

Experimental activation energies are usually derived from reac-
tion rates measured at different temperatures and assuming a tem-
perature-independent heat of activation Eact and an equally
temperature-independent prefactor. We have used Arrhenius plots
constructed according to Eq. (6) to derive effective activation ener-
gies from the reaction rates calculated using both harmonic TST
and thermodynamic integrations. The analysis shows that
although harmonic and anharmonic calculations yield prefactors
differing only by up to about 20% of ln A, the effective activation
energies derived from the Arrhenius plots can differ by up to a fac-
tor of two and reflect the different energy dependence of the har-
monic and anharmonic free energies of activation. The effective
activation energies derived from the reaction rates determined
by thermodynamic integration are very close to the enthalpies of
activation DH derived from the decomposition of the free energies
using the Eyring–Polanyi equation. However, the effective activa-
tion energies determined via hTST are quite different from the
zero-point corrected activation energies DEZPE derived from the
static potential-energy profiles. The effective activation energies
may be larger or smaller than the DEZPE, depending on the temper-
ature dependence of the harmonic vibrational energies.

The largest difference in the effective activation energies is cal-
culated for the heterolytic H-dissociation and the corresponding
reverse reaction; in both cases, the anharmonic result is about
two times larger than the harmonic result. Both activation pro-
cesses are connected with a large loss of entropy which is underes-
timated in hTST and this is reflected in the much too low effective
interaction energy. Differences are much more modest for the H2

elimination and the reverse process.
5. Conclusions

The reaction path for the dehydrogenation of propane over
Zn-exchanged mordenite has been investigated using ab initio
density-functional calculations at different levels of theory: calcu-
lations for periodic models and finite clusters, calculations with
and without corrections for dispersion forces, free energies of acti-
vation determined using harmonic transition state theory and
using thermodynamic integrations based on constrained ab initio
molecular dynamics.

For the location of the Zn2+ cation, we have chosen a configura-
tion which (i) allows a contact between the cation and larger mol-
ecules placed into the main channel of the zeolite, (ii) is
energetically sufficiently favorable to occur with high probability,
(iii) accounts for the ‘‘five-ring avoidance rule’’, and (iv) has two
activated framework oxygen atoms at close distances not con-
nected to the Zn2+ cation which favor the formation of a Brønsted
site. Such a configuration is realized for an a-site with two Al/Si
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substitution at opposite corners of a six-membered ring at the side
wall of the main channel and the Zn2+ cation in the center of the
ring.

Calculations of the static activation energies of the reaction via
the improved dimer method have been performed using a large
periodic model with a computational cell consisting of two unit
cells of mordenite, and for a large and a small cluster model. The
large cluster with 22 tetrahedral sites is chosen such that the clus-
ter encloses the main channel of mordenite, the small cluster with
eight tetrahedral sites consists of two edge-sharing five-membered
rings. This smaller cluster is identical to that used in earlier studies
of the dehydrogenation of ethane [21].

The reaction proceeds via (i) physisorption of propane at the
Zn2+ cation, (ii) dissociation of a H-atom leading to the formation
of chemisorbed propyl and a Brønsted site, (ii) dehydrogenation
via the recombinative desorption of a hydrogen molecule from
the chemisorbed propyl and the Brønsted site, and (iv) desorption
of propene.

The periodic calculations without dispersion corrections, but
including zero-point corrections yield an adsorption energy for
propane of �59 kJ/mol, activation energies of 58 kJ/mol and
112 kJ/mol for the dissociation and dehydrogenation steps and a
desorption energy for propene of 158 kJ/mol. Dispersion correc-
tions increase the adsorption energy of propane to �98 kJ/mole
and the desorption energy of propene to 216 kJ/mol, but reduce
the activation energy for hydrogen dissociation to 36 kJ/mol and
increase the activation energy for dehydrogenation only slightly
to 118 kJ/mol. Hence, the most important effect of the dispersion
corrections is to stabilize physisorbed propane – only with these
corrections the activation energy for H-dissociation is just a bit
lower than the desorption energy of propane. However, for the
H-dissociation the barrier for the reverse reaction (33 kJ/mol and
26 kJ/mol without and with dispersion corrections, respectively)
is much lower than for the forward direction, leading to a low con-
centration of the reaction intermediate B. For the H2 elimination
step, the barriers for forward and backward reactions are
comparable.

The reaction scenario resulting from the cluster calculations is
different. Zero-point corrected calculations for the large cluster
produce an activation energy for the H-dissociation step which is
with 123 kJ/mol now higher than that for the dehydrogenation
step with 96 kJ/mol (no dispersion corrections are considered).
The cluster calculations also account only for that part of the
adsorption/desorption energies of propane and propene which
are due to the interaction with the Lewis acid site, but not of the
stabilizing contribution of the zeolitic framework. Therefore, a
comparison of desorption energies is not very meaningful – it
would only lead to the conclusion that desorption is strongly pre-
ferred over H-dissociation. The decisive difference between the
periodic and the cluster calculations is that the former account
for the flexibility of the zeolitic framework, while for a finite cluster
the possibility to react to the perturbation created by the adsorbate
is strongly limited by the constraints necessarily imposed to its
boundary.

Reaction rates have been calculated within harmonic transition
state theory and via free energies of activation calculated by ther-
modynamic integrations. Free energies of activation for the H-dis-
sociation step are much lower if calculated using hTST
(DFharm(A ? TS1) � 65 kJ/mol at 300 K) than derived from thermo-
dynamic integrations (DFanharm(A ? TS1) � 99 kJ/mol at 300 K).
The reason for this large difference is that the loss of entropy on
going from a loosely bound physisorbed propane to a strongly
bound Zn-propyl complex (TS1 is a very late transition state close
to the intermediate B – chemisorbed propyl and a Brønsted site) is
strongly underestimated within hTST. For the inverse reaction
(B ? TS1) and for the activation of the intermediate to heterolytic
dehydrogenation (B ? TS2) hTST and thermodynamic integrations
yield similar free energies and entropies of activations at T = 300 K.

The calculated temperature-dependent reaction rates have been
fitted to an Arrhenius equation to derive temperature-independent
effective activation energies and prefactors (this is equivalent to
the procedure conventionally used to derive activation energies
for reaction rates measured at different temperatures). The effec-
tive activation energies for the heterolytic H-dissociation
(A ? TS1) and the corresponding reverse reaction calculated using
hTST are lower by a factor of about two than if anharmonicity is
correctly taken into account, because the harmonic approach
strongly underestimates the loss of entropy upon activation.

In summary, our study leads to important conclusions regard-
ing both the computational methodology and the nature of the ac-
tive sites in Zn-exchanged mordenite: (i) A location of the Zn2+

cation in the center of a six-membered ring at the side wall of
the main channel of mordenite is not only an energetically favor-
able configuration, it forms also a Lewis site of sufficient strength
to induce H-dissociation from physisorbed propane. The presence
of framework oxygen atoms in the same ring not connected to
the Zn2+ cation favors the formation of a Brønsted site at a distance
from the propyl grafted to the cation which is small enough to
facilitate heterolytic H2 elimination. (ii) Only periodic calculations
allow to account for the flexibility of the zeolitic network which is
seriously limited even in large clusters. This leads to an overesti-
mation of activation energies in processes where the binding of
the reactant is stronger in the transition than in the initial state.
(iii) For such reactions, the loss of entropy upon activation may
be seriously underestimated by harmonic transition state theory,
because soft degrees of freedom such as hindered rotations and
translations are not well described in an anharmonic approxima-
tion. (iv) Dispersion corrections are important for stabilizing the
adsorption of the alkane at the Lewis site. Without dispersion
interactions, desorption is favored over H-dissociation.

The present calculations have been performed using a semilocal
exchange-correlation functional. It has been argued that hybrid
functionals mixing exact (i.e. Hartree-Fock) and density-functional
exchange yield more realistic adsorption and activation energies.
However, so far calculations based on hybrid functional have been
performed almost exclusively for small, eventually embedded clus-
ters. Calculations based on periodic models will be required to fur-
ther explore the influence of the choice of the functional
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