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Abstract
Theoretical Simulations of Zeolite-Catalyzed Reactions
by
Joseph Stephen Gomes
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley
Professor Alexis T. Bell, Co-Chair
Professor Martin Head-Gordon, Co-Chair
Zeolites are crystalline microporous solids composed of corner-sharing,
tetrahedrally-coordinated silicate (SiO4) units. The isomorphic substitution of a
framework Si atom by an Al atom can be charge compensated by a proton, introducing
xBrønsted-acidic bridging-hydroxy groups, or by a metal cation, such as Na+ or Ni2+.
Proton-exchanged zeolites are solid acid catalysts that are used in a large number of
processes, such as hydrocarbon cracking, isomerization, and alkylation, important in the
conversion of petroleum to transportation fuel. Metal-exchange zeolites are commonly
used in gas adsorption, catalysis, or as ion-exchange materials. It is of great interest to
predict the impact of zeolite structure and composition on the activity and product
selectivity of a given reaction to screen new possible catalysts. Quantum chemical
calculations can provide molecular-scale information on zeolite-adsorbate interactions, as
well as model the energetic changes and dynamics of important reactions that occur
within the channels and pores of zeolite catalysts. However, the application of quantum
chemical calculations for the study of chemical reactions occurring in zeolites is
particularly difficult because of the large number of zeolite framework atoms needed to
accurately capture the long-range Coulombic and medium-range van der Waals
interactions. This Thesis has focused primarily on the benchmarking and application of
an electrostatically embedded combined quantum mechanics/molecular mechanics
(QM/MM) methodology to the study of zeolite-catalyzed reactions.
The adsorption enthalpy of light hydrocarbon molecules in both acidic and neutral
zeolite MFI has been investigated with a range of computational methods. The role of
cluster model size and density functional theory methodology is examined by comparison
with high quality ab initio wave function theory Møller–Plesset 2nd order perturbation
theory (MP2) results and experimentally determined heats of adsorption. A hybrid
QM/MM method is required to converge calculated thermochemical properties with
respect to cluster model size in a manner that is computationally efficient. The accuracy
of both QM and QM/MM methods is highly sensitive to choice of level of theory and
cluster size. Large basis sets, large cluster models, and a density functional capable of
capturing intermolecular interactions are required to achieve a chemical accuracy of 2
kcal/mol with respect to experimentally determined adsorption enthalpies and activation
barriers. The computational effort for performing QM/MM simulations is considerably
lower than that of similar quality QM results, and allows for the chemically accurate
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simulation of the energetics of chemical reactions occurring in zeolites in a manner that is
computationally cost efficient.
The QM/MM method has also been utilized to study the mechanism by which Niexchanged Na-X zeolite is activated by propene and the mechanism for the catalytic
oligomerization of propene by the activated Ni-complex in Ni-Na-X. The Ni2+ cations in
as-prepared Ni-Na-X are shown to locate preferentially in inaccessible positions within
the framework of Na-X, and the migration to a catalytically active position is facilitated
by propene. The key activation barrier in the proposed mechanism of propene-facilitated
Ni activation corresponds to the formation of a Ni-allyl complex, and is driven by
enthalpic stabilization of the Ni2+ cation, which can coordinate better with propene than
with the rigid Na-X lattice. The resting state of the Ni-Na-X catalyst is a propene ligated
Ni-propyl organometallic complex located in the supercage of Na-X. The rate-limiting
step for propene oligomerization in Ni-Na-X is carbon-carbon bond formation between
coordinated propene and the Ni-propyl complex that proceeds via migratory insertion in a
Cossee-Arlman type mechanism. The apparent activation energy and the predicted
carbon-branching selectivity calculated from apparent free energy barriers at 453 K agree
well with experimental measurements. This study is the first of its kind to examine the
activation process of Ni-exchange Na-X catalysts and provides a plausible explanation
for the high selectivity to dimers (>90%) during the oligomerization of propene.
The QM/MM method has been combined with the quasiclassical trajectory (QCT)
method to study alkene methylation by methanol catalyzed by the zeolite H-MFI. The
rate-limiting step for this reaction is the methylation of the alkene. The apparent
activation energy for this step calculated ab initio density functional theory agrees well
with the value obtained from experiments and previous full QM calculations. Following
the ethene methylation transition state toward the products along the intrinsic reaction
coordinate reveals the existence of a protonated cyclopropane (PCP+) carbocation
intermediate.
A similar protonated methyl-cyclopropane (mPCP+) carbocation
intermediate is found for propene methylation. The intermediates produced during the
alkene methylation reaction are metastable with a lifetime of roughly 1 ps obtained from
QCTs initiated at the transition state for the rate-determining step. Due to the short
lifetime of these intermediates, the energy in the carbocation does not achieve thermal
equilibrium with the zeolite lattice before subsequent reaction occurs. The qualitative
difference between product distributions obtained by static and dynamic reaction
pathways suggests the pathways of zeolite-catalyzed reactions proceed through hightemperature pathways that differ from the 0 K potential energy surface. The
transformation of the m-PCP+ intermediate to the longer-lived secondary 2-butyl
carbocation observed during QCTs suggests that more-stable carbocations can properly
thermalize and exist as reaction intermediates for longer than 1 ps.
Free energies of activation for zeolite-catalyzed reactions can be done in the bluemoon ensemble by constrained ab initio molecular dynamics simulations using the
QM/MM method. We have used thermodynamic integration (TI) to study the waterassisted proton hopping in zeolite H-MFI. The free energy of activation calculated by TI
is compared with that calculated with the quasi rigid-rotor harmonic oscillator (q-RRHO)
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recently proposed by Grimme. The estimate for the correlation time of proton hopping is
improved by two orders of magnitude with the thermodynamic integration technique
relative that determined using the q-RRHO approximation. In order to achieve close
agreement between the predicted activation barrier for proton hopping and that
determined from experimental measurements of the correlation time, it is necessary to
use a level of theory that is higher than is practical for molecular dynamics. Therefore, in
order to obtain a good estimate of the free energy of activation, it is necessary to use the
results of thermodynamic integration to correct the estimate of the entropic contribution
to the free energy obtained using the q-RHHO approximation obtained from QM/MM
calculations done using a high level of theory for the QM portion of the calculations.!
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reaction coordinate calculated by the growing string method calculated at the HF/321G level of theory. The contour plot was produced by constrained optimization at
fixed values of r1 and r2. The contour interval is 1 kcal/mol.
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Figure 5.S3. Potential of mean force (12 K and 300 K) [kcal/mol/bohr] of the
nucleophilic substitution of CH3Cl by Cl- calculated by the blue-moon
thermodynamic integration technique at various states along the reaction
coordinate.
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Figure 5.S4. Convergence of the potential of mean force (300 K) [kcal/mol/bohr]
of the nucleophilic substitution of CH3Cl by Cl- at the reactant state (left) and
transition state (right) with simulation time (ps).
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Figure 5.S5. Helmholtz free energy (12 K and 300 K) [kcal/mol] of the
nucleophilic substitution of CH3Cl by Cl- calculated by the blue-moon
thermodynamic integration technique and the 0 K potential energy surface
[kcal/mol] calculated by the Growing String Method.
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Chapter 1
Introduction
Zeolites are crystalline microporous solids composed of corner-sharing,
tetrahedrally-coordinated silicate (SiO4) units. The isomorphic substitution of a
framework Si atom by an Al atom can be charge compensated by a proton (HAlO4),
introducing Brønsted-acidic bridging-hydroxyl groups, or by a metal cation such as Na+
or Ni2+. Proton-exchanged zeolites are solid acid catalysts that are used in a large number
of processes, such as hydrocarbon cracking, isomerization, and alkylation, important in
the conversion of petroleum to transportation fuel.1 2,3,4 Metal-exchanged zeolites are
commonly used in gas adsorption, catalysis, or as ion-exchange materials. Since there
are many more known zeolite framework structures than currently used commercially, it
is highly desirable to predict the impact of zeolite structure and composition on the
activity and product selectivity of a given reaction to screen new possible catalysts. 5,6,7,8
Quantum chemical calculations can provide molecular-scale information on zeoliteadsorbate interactions, as well as model the energetic changes and dynamics of important
reactions that occur within the channels and pores of zeolite catalysts. 9 Such calculations
can be utilized to confirm interpretations of reaction mechanisms deduced from
experiment as well as to predict the influence of zeolite framework structure and
composition on activity and product selectivity.
The application of quantum chemical calculations for the study of chemical
reactions occurring in zeolites is particularly difficult because of the large number of
zeolite framework atoms needed to accurately capture the long-range Coulombic and
medium-range van der Waals interactions. Standard ab initio wave function theories for
modeling electron correlation such as MP2 and CCSD(T) cannot be applied to such
systems due to fifth power or worse scaling of these methods with the number of
electrons. Density functional theory 10 (DFT) is currently the preferred method for
carrying out electronic structure calculations for large systems, because it provides a
good balance between computational simplicity and accuracy. Recent studies utilizing
DFT have shown that in order to perform accurate calculations with results consistent
with experimental observations, large cluster representations that incorporate zeolite
framework surrounding the active center are necessary in addition to the use of a density
functional which properly captures dispersion interactions. 11 , 12 Although DFT is
currently the most computationally efficient theory for performing electronic structure
calculations, its cubic scaling with the number of atoms makes its application
computationally prohibitive for systems that include a significant part of the zeolite
framework. Consequently, it is difficult to achieve convergence of calculated
thermochemical properties with cluster model size.
Recent studies utilizing a hybrid quantum mechanical/molecular mechanical
(QM/MM) formalism for incorporating extended zeolite environment suggest that this
method is a good compromise between accuracy and computational feasibility. 13,14,15
Zeolite cluster models are sub-divided into two regions, an active region consisting of
adsorbate molecules and active site, and an inactive region consisting of zeolite
framework atoms away from the active site. The active region is simulated using QM
!
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methods to describe the breaking and formation of chemical bonds along a reaction
pathway, and the inactive region is described with a molecular mechanics force field,
allowing the zeolite framework to polarize the active region as well as interact with the
adsorbate through dispersion and electrostatic interactions. The advantage of this
methodology is that, to a good approximation, the computational effort scales only with
the size of the active QM region, while incorporating the most important effects of
extended zeolite structure and having the ability to describe interactions at the active
center to a high degree of accuracy.
In Chapter 2, we investigate the use of modern exchange-correlation functionals
in zeolite simulations in comparison with benchmark MP2 and experimental results, and
examine the influence of cluster model size and basis set in both full QM and QM/MM
simulations.
A hybrid QM/MM method is required to converge calculated
thermochemical properties with respect to cluster model size in a manner that is
computationally efficient. The accuracy of both QM and QM/MM methods is highly
sensitive to choice of level of theory and cluster size, requiring the use of large basis sets,
large cluster models, and a density functional capable of capturing intermolecular
interactions for achieving the desired chemical accuracy of 2 kcal/mol with respect to
experimentally determined adsorption enthalpies and activation barriers.
The
computational effort for performing QM/MM simulations is considerably lower than that
of similar quality QM results, and allows for the chemically accurate simulation of
chemical reactions occurring in zeolites in a manner that is computationally cost efficient
without sacrificing accuracy. The resulting QM/MM procedure is applied to study the
reaction pathway of ethene methylation by methanol in H-MFI.
Oligomerization of alkenes can be used to convert volatile light ends products,
produced by processes such as Fischer-Tropsch16 synthesis and fluid catalytic cracking17,
into higher molecular weight hydrocarbons that can be blended into gasoline and diesel.
18 , 19
Solid Brønsted acid catalysts, such as zeolites, are known to catalyze alkene
oligomerization at moderate temperature and pressure; however, the selectivity to
oligomers is low due to hydrocarbon cracking and aromatization that occur under similar
operating conditions. 20,21,22 One alternative to Brønsted acid catalysts are Ni-exchanged
zeolites, which are highly active for alkene oligomerization at lower temperature, and are
selective to oligomer formation, but operate at higher pressures than those required for
Brønsted acid catalysts.23,24,25
While many Ni-containing zeolites have been studied and shown to be active
catalysts for alkene oligomerization, there is little information regarding the formation of
the active site for catalysis or the mechanism of alkene oligomerization. In a recent
experimental study of propene oligomerization by Ni-Na-X, Mlinar et al.25 proposed that
Ni2+ cations in the as-prepared catalyst reside in the six-membered aluminosilicate rings
of fuajasite and are inaccessible to alkenes and, hence, must migrate into the faujasite
supercage in the presence of propene in order to become catalytically active. In Chapter 3,
we utilize the quantum mechanics/molecular mechanics (QM/MM) model to identify a
plausible mechanism for the activation Ni-Na-X in propene and mechanism of propene
oligomerization. We show that the migration of the Ni2+ cation from the internal structure
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of Na-X into the supercage is spontaneous upon exposure to propene, leading to the
formation of an organometallic Ni-alkyl complex contained within the void space of the
supercage, which is the resting state of the catalyst. The propene ligated Ni-alkyl
complex, previously observed by researchers studying homogenous Ni2+ catalysts, has
been shown to be active for propene oligomerization in the batch phase. We show that the
zeolite-solvated Ni-alkyl complex is catalytically active for propene oligomerization, and
the apparent activation energy and carbon branching selectivity within the C6 fraction
calculated via the Cossee-Arlman mechanism is in good agreement with experiment.
Extra-framework Na+ cations present in the Na-X zeolite supercage influence the
selectivity by dis-favoring the thermodynamically favored double-branching pathways,
thereby resulting in the high selectivity to linear and singly-branched products observed
experimentally.
A common assumption in analysis of zeolite-catalyzed reaction pathways is that
each transition state leads to a unique reactant/product pair, i.e., those to which the
transition state leads to via the intrinsic reaction coordinate. What this approach neglects
is the possibility that multiple product channels might form from a given transition state,
that identical products might be formed from multiple unique transition states, as well as
the possibility of any meta-stable intermediates between the reactants and products. A
recent exception is the work of Zimmerman et al. demonstrating the use of quasi-classical
trajectories to investigate the unimolecular cracking of n-pentane in H-MFI. 26 The
determination of the final product distribution by quasi-classical trajectories initiated at
the rate-determining transition state improved the estimate of alkane cracking product
selectivity compared with experimental observations by an order of magnitude relative to
the estimate made by calculating rates of reaction leading from the metastable
carbocation intermediate using conventional static reaction pathways.
Previous
researchers have reported the existence of a carbocation intermediate directly following
the rate-limiting step of alkene methylation but give no information on the reaction
pathways leading from these intermediates to the final product of alkene and water. 27,28
In Chapter 4, we revisit the reaction pathway of alkene methylation by methanol
in H-MFI and utilize a combination of quasi-classical trajectories (QCT) and the
QM/MM method to sample the reaction pathways leading away from the rate-limiting
transition states of ethene and propene methylation. The reaction intermediates and
transition states observed from QCT were also located on the potential energy surface to
develop a complete description of the reaction pathways of alkene methylation by
methanol that includes carbocation intermediates. The QCTs are used to determine the
lifetime of the metastable carbocation intermediate formed post rate-limiting step and to
calculate a product distribution associated with each transition state. The qualitative
difference between product distributions obtained from static (Gibbs free energy 623 K)
and dynamic (QCT 623 K) reaction pathways suggests that zeolite-catalyzed reactions
proceed via high-temperature pathways that differ from those predicted from 0 K
potential energy surface. The transformation of these intermediates to the longer-lived
secondary carbocations suggests that more-stable carbocations can properly thermalize
and exist as the selectivity-determining intermediates of the alkene methylation reaction.
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The reliable determination of chemical rate coefficients depends on the ability to
accurately calculate both the activation energy and activation entropy. In Chapter 2, we
discuss the factors that influence the calculation of both adsorption and activation
enthalpy of zeolite-catalyzed reactions. In Chapters 3 and 4, we show that the proposed
QM/MM methodology is able to accurate predict activation enthalpy of both acidcatalyzed and transition metal-catalyzed reactions in zeolites but that rate constants
associated with these reactions are often incorrect by several orders of magnitude due to
errors in the calculation of activation entropy. The calculation of activation entropy can
often be equally or even more challenging than the calculation of activation enthalpy, but
for different reasons. A computationally straightforward approach is to determine the
entropy of activation from the vibrational partition function using the harmonic
approximation for both the reactant and transition states. This approach is adequate for
simple chemical reactions where only a few degrees of freedom evolve along the reaction
coordinate. For complex systems containing soft degrees of freedom, such as torsion,
translation, and hindered rotation, the harmonic approximation breaks down and a more
accurate treatment of entropic effects is necessary. In Chapter 5, we show free energies
of activation for zeolite-catalyzed reactions can be determined by thermodynamic
integration (TI) of the potential of mean force calculated by constrained ab initio
molecular dynamics simulations done in the blue-moon ensemble using the QM/MM
method. The method is applied to water-assisted proton hopping in zeolite H-MFI. We
compare the free energy reaction barrier calculated by TI with that calculated by the
conventional rigid-rotor harmonic oscillator as well as with the recently proposed quasi
rigid-rotor harmonic oscillator (q-RRHO) method. 29 The estimate for the correlation
time of proton hopping is improved by two orders of magnitude with the thermodynamic
integration technique relative that determined using the q-RRHO approximation. We
also find that in order to achieve close agreement between the predicted activation barrier
for proton hopping and that determined from experimental measurements of the
correlation time, it is necessary to use a level of theory that is higher than is practical for
molecular dynamics. Therefore, in order to obtain a good estimate of the free energy of
activation, it is necessary to use the results of thermodynamic integration to correct the
estimate of the entropic contribution to the free energy obtained using the q-RHHO
approximation obtained from QM/MM calculations done using a high level of theory for
the QM portion of the calculations.
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Chapter 2
Accurate Prediction of Hydrocarbon Interactions with Zeolites Utilizing
Improved Exchange-Correlation Functionals and QM/MM Methods:
Benchmark Calculations of Adsorption Enthalpies and Application to
Ethene Methylation by Methanol
Abstract
The adsorption enthalpy of light hydrocarbon molecules in both acidic and neutral
zeolite MFI has been investigated with a range of computational methods. The role of
cluster model size and density functional theory methodology is examined by comparison
with high quality ab-initio wave function theory MP2 results and experimentally
determined heats of adsorption. The commonly applied B3LYP functional performs
poorly in benchmark studies due to an inadequate description of intermolecular
interactions. The functionals ωB97X-D and M06-2X predict adsorption enthalpies
consistent with experimental values over three classes of adsorbates. A hybrid quantum
mechanics/molecular mechanics (QM/MM) method is required to converge calculated
thermochemical properties with respect to cluster model size in a manner that is
computationally efficient. The accuracy of both QM and QM/MM methods is highly
sensitive to choice of level of theory and cluster size, requiring the use of large basis sets,
large cluster models, and a density functional capable of capturing intermolecular
interactions for achieving the desired chemical accuracy of 2 kcal/mol with respect to
experimentally determined adsorption enthalpies and activation barriers.
The
computational effort for performing QM/MM simulations is considerably lower than that
of similar quality QM results, and allows for the chemically accurate simulation of
chemical reactions occurring in zeolites in a manner that is computationally cost efficient
without sacrificing accuracy. The resulting QM/MM procedure is applied to study the
reaction of ethene methylation by methanol.
2.1 Introduction
Zeolites are crystalline microporous solids composed of corner-sharing,
tetrahedrally-coordinated silicate (SiO4) units. The isomorphic substitution of a
framework Si atom by an Al atom and a charge compensating proton (HAlO4) introduces
bridged-hydroxy groups with Brønsted-acid functionality. Such proton-exchange zeolites
are solid acid catalysts that are used in a large number of processes, such as hydrocarbon
cracking, isomerization, and alkylation, important in the conversion of petroleum to
transportation fuel.1,2,3,4 Since there are many more known zeolite framework structures
than currently used commercially,5,6,7,8 it is highly desirable to predict the impact of
zeolite structure and composition on the activity and product selectivity of a given
reaction to screen new possible catalysts. Quantum chemical calculations9 can provide
molecular-scale information on zeolite-adsorbate interactions, as well as model the
energetic changes and dynamics of important reactions that occur within the channels and
pores of zeolite catalysts. Such calculations can be utilized for confirming interpretations
of reaction mechanisms deduced from experiment as well as predicting the influence of
7

zeolite framework structure and composition on activity and product selectivity.
The application of quantum chemical calculations for the study of chemical
reactions occurring in zeolites is particularly difficult because of the large number of
zeolite framework atoms needed to accurately capture the long-range Coulombic and
medium-range van der Waals interactions. Standard ab initio wave function theories for
modeling electron correlation such as MP2 and CCSD(T) cannot be applied to such
systems due to fifth power or worse scaling of these methods with the number of
electrons. Density functional theory10 (DFT) is currently the preferred method for
carrying out electronic structure calculations for large systems, because it provides a good
balance between computational simplicity and accuracy. While DFT has found wide
application for addressing problems in catalysis, recent studies have revealed that
accurate representation of reactions occurring in microporous systems, such as zeolites,
requires improvements over conventionally used generalized gradient approximation
(GGA), e.g., PBE,11 and hybrid GGA exchange-correlation functionals, e.g., B3LYP,12
which are unable to describe dispersion interactions and, hence, lead to an
underestimation of heats of adsorption and apparent reaction barriers.13,14 Over the last
several years, there has been a significant interest in the development of density
functionals that capture dispersion interactions, particularly associated with interaction
between systems that are partially overlapping. Of these functionals, two that have been
demonstrated to be effective at capturing dispersion interactions in zeolites are the metahybrid GGA M06-2X15 and range-separated, dispersion-corrected hybrid GGA ωB97XD.16
Recent studies utilizing DFT have shown that in order to perform accurate
calculations with results consistent with experimental observations, large cluster
representations that incorporate zeolite framework surrounding the active center are
necessary in addition to the use of a density functional which properly captures
dispersion interactions. Although DFT is currently the most computationally efficient
theory for performing electronic structure calculations, its cubic scaling with the number
of atoms makes its application computationally prohibitive for systems that include a
significant part of the zeolite framework. Consequently, it is difficult to achieve
convergence of calculated thermochemical properties with cluster model size.17 To
overcome the slow convergence of electrostatic interactions, some researchers have used
periodic boundary condition simulations to represent the extended zeolite
environment.18,19,20,21,22 However, these simulations face similar limitations with respect
to zeolite model size and remain intractable for large unit cells. Periodic boundary
condition simulations are unable to readily incorporate density functionals beyond GGA
quality, and additional corrective schemes must be performed to incorporate important
zeolite-hydrocarbon dispersion interactions.18,22,23
Recent studies utilizing a hybrid quantum mechanical/molecular mechanical
(QM/MM) formalism for incorporating extended zeolite environment suggest that this
method is a good compromise between accuracy and computational
feasibility.24,25,26,27,28,29,30,31,32,33 Zeolite cluster models are sub-divided into two regions,
an active region consisting of adsorbate molecules and active site, and an inactive region
8

consisting of zeolite framework atoms away from the active site. The active region is
simulated using QM methods to describe the breaking and formation of chemical bonds
along a reaction pathway, and the inactive region is described with a molecular
mechanics force field, allowing the zeolite framework to polarize the active region as
well as interact with the adsorbate through dispersion and electrostatic interactions. The
advantage of this methodology is that, to a good approximation, the computational effort
scales only with the size of the active QM region, while incorporating the most important
effects of extended zeolite structure and having the ability to describe interactions at the
active center to a high degree of accuracy.26,28,29,32,34,35 Although this methodology has
been utilized to study a wide range of zeolite catalyzed reactions, it remains an open
question to what extent zeolite framework atoms must be incorporated to converge
Coulombic and van der Waals interactions in either full QM or QM/MM simulations.
In this paper, we investigate the use of modern exchange-correlation functionals
in zeolite simulations in comparison with benchmark MP2 and experimental results, and
examine the influence of cluster model size and basis set in both full QM and QM/MM
simulations. Cluster representations of the zeolite framework MFI containing 5 to 367
tetrahedral (T) atoms were examined. The adsorption enthalpy of simple hydrocarbons
was used to benchmark the ability of each functional to capture electrostatic and
dispersive interactions, and to examine the convergence of these enthalpies with cluster
size. These efforts have led to an understanding of how chemically accurate simulations
of zeolite-catalyzed reactions can be carried out in a manner that is computationally cost
effective.
2.2 Methods
2.2.1

Zeolite Model Geometries

The crystallographic structure of MFI36 was used to determine the positions of all
atoms in the zeolite cluster models. Each cluster was terminated with hydrogen atoms by
the replacement of terminal oxygen atoms. The neutral cluster was used as a model of
Silicalite, an Al-free MFI framework. To produce an acidic site, a Si atom in the cluster
was replaced by an Al atom, and the resulting charge imbalance was compensated by a
proton. The MFI unit cell has 12 unique T-atom positions that can be substituted to
produce an acid site. Previous computational studies have shown there to be little
thermodynamic preference between different substitution sites, although two studies have
shown evidence that the T12 position is favored.37,38 For this study, we considered the Al
to be in the T12 site and found the proton to be most stable in the Al12-O20(H)-Si3
position in all clusters irrespective of size (referred to as H-MFI). This active site,
located at the intersection of straight and sinusoidal channels of MFI, represents a highly
favorable reaction site due to the available pore volume surrounding the acid site.
2.2.2

QM Computations

Zeolite clusters containing 5, 24, 34, and 44 T-atoms were cleaved from a large
MFI cluster model in the manner described above (Figure 2.1 A – D). For the T5 cluster,
9

the coordinates for the terminal H atoms along with the coordinates for the Si atoms were
held fixed during geometry optimization. Geometry optimizations with larger clusters
were performed while fixing the coordinates outside of a T3 (Si3O4 or HAlSi2O4) region.
Geometry optimizations were performed with the exchange-correlation functional B3LYP
using the double-ζ, polarized valence 6-31G(d,p) basis set.
During geometry
-6
optimizations, energies were converged to 10 Ha and the maximum norm of the
Cartestian gradient was converged to 10-3 Ha bohr-1. Optimizations incorporating more
relaxed atoms, including full geometric relaxation, produced negligible changes in
relevant bond lengths and physisorption energies. Frequency analysis was performed to
confirm the nature of each stationary point: there must be zero imaginary frequencies for
potential energy minima and exactly one for potential energy saddle points. To reduce
the computational cost of frequency analysis39, the active space of the Hessian matrix is
identical to that of the partial geometry optimization.40 Vibrational modes from each
optimized geometry were used to obtain zero-point vibrational energies and finite
temperature corrections required to calculate enthalpies. For molecules in the gas phase,
the full Hessian was calculated. Optimizations performed with ωB97X-D and M06-2X
with a triple-ζ, polarized valence 6-311G(d,p) basis set resulted in negligible differences
in average bond distances and large basis set adsorption enthalpies at a higher
computational cost when frequency analysis is performed.
Figure 2.1. a.) T5, b.) T24, c.) T34, and d.) T44 cluster models of the acid site in H-MFI.
The atoms of the T5 cluster are labeled according to assignments by Olson et al36. The
top set of models (1a-1d) show the view through the sinusoidal channel of H-MFI. The
lower set of models (2a-2d) show the view through the straight channel of H-MFI.
1a.

1b.

1c.

1d.

2a.

2b.

2c.

2d.

O20

T12

Geometries optimized at the B3LYP/6-31G(d,p) level were used to perform
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single-point energy calculations with the ωB97X-D, M06-2X, and B3LYP density
functionals. To investigate the behavior of each density functional in the limit of a nearcomplete basis set, single point energy calculations were performed with the triple-ζ,
augmented, polarized valence 6-311G(d,p)/6-311++G(3df,3pd) dual-basis corrected
(referred to as 6-311G++(3df,3pd)-DB from this point on) basis set.41 Single point
energies were converged to 10-7 Ha and performed using a standard integration grid, SG1.42
Single point energy calculations are also performed with the ab-initio electron
correlation method, MP2. Calculations were carried out with Dunning’s correlationconsistent double-ζ, polarized valence cc-pVDZ basis set,43 employing the resolution of
the identity (RI) approximation44,45,46 with the matching optimized auxiliary basis set47,48
in combination with a frozen core (FC) ansatz. Electrons in molecular orbitals
corresponding to carbon 1s, oxygen 1s, aluminum 1s, and silicon 1s atomic orbitals were
excluded from the MP2 correlation scheme. RI-MP2(FC)/cc-pVDZ single point
calculations are affected by errors due to the incompleteness of basis set. Because a
systematic study of cluster size effects using the RI-MP2(FC) method with a basis set of
near-complete quality would be computationally unfeasible, reported RI-MP2(FC)
adsorption enthalpies are corrected for incompleteness of basis and exclusion of diffuse
functions using an energy additivity scheme (referred to as RI-MP2//T5(CBS) from this
point on). Additional calculations were performed using Dunning’s correlationconsistent augmented, polarized valence triple-, and quadruple-ζ basis sets aug-cc-pVXZ
(X= T,Q) with optimized auxillary basis set in combination with the FC ansatz, on T5
cluster model geometries. The Hartree-Fock (HF) contribution to the CBS energy is
determined by an exponential extrapolation scheme49,50

EHF = aHF + bHF exp(−cHF X)
and the correlation energy is extrapolated to the CBS limit by an inverse power law
scheme51
EMP 2(corr ) = aMP 2 + bMP 2 X −3

where X represents the highest angular momentum in an augmented correlationconsistent basis set, X = 4 for the aug-cc-pVQZ basis set. The CBS adsorption energy is
used to correct the RI-MP2(FC)/cc-pVDZ adsorption energy, resulting in the RIMP2(FC)//T5(CBS) energy given by
T5
T5
ΔET 5,CBS = ΔEcc− pVDZ + ( ΔECBS
− ΔEcc−
pVDZ )

2.2.3

QM/MM Computations

Details on the implementation of the electrostatic embedding QM/MM method
can be found elsewhere.52 The MM region was described with a standard force field of
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the CHARMM type.53 Since the MM atoms will be held fixed, the only relevant terms in
the force field are the electrostatic energy,

EES = ∑
ij

qi q j
4πε 0 rij

and the Lennard-Jones potential energy
6
(! $12
!R $ +
Rij
ij
*
ELJ = ∑εij ## && − 2 ## && *" rij %
" rij % -,
ij
)

where εij = (εiεj)1/2 and Rij = (Ri + Rj)/2. These expressions require three parameters for
each atom type: qi the atomic partial charge; Ri the van der Waals radius; and εi the
characteristic energy for the Lennard-Jones potential. Parameters used in this work are
shown in Table 1, and were chosen to minimize the RMS deviations of adsorption
energies compared with full QM ωB97X-D/6-31G(d) adsorption energies over a range of
adsorbates and transition states, as performed in Ref. 52.
Table 2.1. Charge and Lennard-Jones Parameters for O and Si used in the QM/MM
portion of this work.
QSi

QO

εSi (kcal/mol)

RSi (Å)

εSi (kcal/mol)

RSi (Å)

0.7

-0.35

0.2

2.2

0.075

1.77

The structures of each adsorbate in the QM benchmark study have also been
reoptimized using the QM/MM methodology with a larger cluster model. All QM/MM
geometry optimizations were performed at the ωB97X-D/6-31G(d,p) level of theory,
using a zeolite cluster of total size 367 T-atoms and the QM(T5)/MM methodology.
Geometric and energetic convergence criteria were identical to that of the QM benchmark
study. Single point energy calculations were performed with the QM(T5)/MM
methodology at the B3LYP/6-311++G(3df,3pd)-DB, M06-2X/6-311++G(3df,3pd)-DB,
and ωB97X-D/6-311++G(3df,3pd)-DB levels of theory with convergence criteria
identical to that of the QM single point computations. Zero-point energy and finite
temperature corrections are recalculated for the QM/MM optimized geometries. All QM
and QM/MM calculations were performed using a development version of the Q-Chem
software package.54
A series of smaller QM/MM clusters were cleaved from the QM(T5)/MM T367
optimized geometries. The algorithm for cluster reduction is detailed in Figure 2.2. To
produce a series of reduced size clusters, T-atoms furthest from the T12 position used as
12

the active site were removed four at a time. For each cluster created, electrostatic
neutrality was enforced by termination with hydrogen atoms, and all uncoordinated Si
fragments were removed. The T-atom cleavage procedure is terminated once a desired
cluster geometry is reached, allowing a smooth interpolation between two given cluster
models. The particular stopping criterion used in this work is that of the 44 T-atom
cluster geometry. Single point energy calculations were performed on each cluster at the
ωB97X-D/6-311++G(3df,3pd)-DB, M06-2X/6-311++G(3df,3pd)-DB, and B3LYP/6311++G(3df,3pd)-DB levels of theory using a T5 QM region. Additional single point
energy calculations were also performed on cluster model structures containing 304 Tatoms at the ωB97X-D/6-311++G(3df,3pd)-DB level of theory using a T44 QM region.
Figure 2.2. Procedure for generating cluster models of reduced size for studying cluster
size convergence behavior. T-atoms furthest from the T12 position used as the active site
are removed four at a time. For each cluster created, electrostatic neutrality is enforced
by termination with hydrogen atoms, and all uncoordinated Si fragments are removed.
The T-atom cleavage procedure is terminated once a desired cluster geometry is reached,
allowing a smooth interpolation between two given cluster models. The particular
stopping criterion used in this work is that of the 44 T-atom cluster geometry. QM/MM
single point energy calculations were performed on each cluster.

203 Å3 MFI Cluster
Remove 4 Tatoms furthest
from Al Atom
Enforce
electrostatic
neutrality
NO

Boundary
Criterion
Met?

YES

Perform QM/MM
Calculations

Cluster model structures containing 304 T-atoms taken from the cluster size
convergence study were used to study the effects of incompleteness of basis set. Using
the QM(T5)/MM method, additional calculations were performed with both Dunning’s
correlation-consistent polarized valence double-, triple-, and quadruple-ζ basis sets ccpVXZ (X=D,T,Q) and Dunning’s correlation-consistent augmented, polarized valence
double-, triple-, and quadruple-ζ basis sets aug-cc-pVXZ (X=D,T,Q) with the exchangecorrelation functional ωB97X-D. The augmented basis set series calculations are
extrapolated to a complete basis set by the Schwartz4(TQ) extrapolation scheme of
Martin55 by

E (CBS ) =

2.7326E ( aVQZ ) − E ( aVTZ )
1.7326
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where E(aVXZ) is the electronic energy calculated with the aug-cc-pVXZ basis set.
2.3 Results and Discussion
2.3.1

QM Benchmark Simulations

The adsorption enthalpies of methanol in H-MFI (Figs. 3, 4), 1-butene in MFI
(Figs. 5,6), and 1-butene in H-MFI (Figs. 7, 8) were calculated using a range of cluster
sizes and QM models.
Adsorption enthalpies computed at the B3LYP/6311++G(3df,3pd)-DB,
M06-2X/6-311++G(3df,3pd)-DB,
and
ωB97X-D/6311++G(3df,3pd)-DB levels of theory were compared with RI-MP2//T5(CBS) and
experimental results, to provide an assessment for the accuracy of each DFT method in a
pure QM calculation using cluster models up to 44 T-atoms in size. Convergence of
thermochemical properties using zeolite cluster models can be achieved with a high level
of accuracy using the electrostatically embedded QM/MM method. The algorithm
proposed in this paper for producing a series of analogous clusters of increasing size will
be shown to smoothly converge thermodynamic properties to the large cluster size limit.
Convergence of adsorption enthalpies calculated with each density functional was
investigated using the QM/MM method outlined previously. The error bars presented in
Figures 2.3-2.8 represent +/- 10% of the reported heat of adsorption.
2.3.2

Adsorption Enthalpy of Methanol in H-MFI

The enthalpy of methanol adsorption in H-MFI was used to provide a benchmark
for polar adsorbates that are strongly interacting with the active site of the zeolite. The
adsorption enthalpy of methanol in acidic H-MFI calculated with B3LYP, M06-2X, and
ωB97X-D functionals using a 6-311++G(3df,3pd)-DB basis set and the RIMP2//T5(CBS) method are reported in Figure 2.3. Also shown is the experimental value
determined by gas chromatograph sorption, reported as – 27.5 ± 1 kcal mol-1 at 400 K.56
Good agreement with the experimental enthalpy of adsorption was observed for a
T44 cluster at the ωB97X-D/6-311++G(3df,3pd)-DB level of theory, which yields -27.0
kcal mol-1. We also observed acceptable agreement experiment between calculations
done with a T44 cluster using our RI-MP2(FC)//T5(CBS) method (-24.7 kcal mol-1) and
the ωB97X-D/6-311++G(3df,3pd)-DB and M06-2X/6-311++G(3df,3pd)-DB (-25.4 kcal
mol-1) DFT methods, indicating that both DFT methods would make a suitable
replacement for the more expensive ab-initio technique in larger calculations. By
contrast, poor agreement with experiment or ab-initio calculations was found for
calculations done at the B3LYP/6-311++G(3df,3pd)-DB level using a T44 cluster (-19.3
kcal mol-1). The deviation of the computed heats of adsorption from the experimental
value becomes more pronounced as the size of the cluster used to represent the zeolite
decreases. It is evident, though, that the ωB97X-D and M06-2X functionals are
significantly superior to the B3LYP functional for accurately capturing medium and
longer range interactions between the adsorbate and the zeolite.
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Figure 2.3. Physisorption Enthalpy (400 K) of Methanol in H-MFI: Comparison of
predicted adsorption enthalpy using B3LYP/6-311++G(3df,3pd), M06-2X/6311++G(3df,3pd), ωB97X-D/6-311++G(3df,3pd), and RI-MP2//T5(CBS) methods with
experimental value using cluster models of increasing size. The error bars presented
represent +/- 10% of the reported heat of adsorption.

Figure 2.4: Adsorption Enthalpy (423 K) of Methanol/H-MFI: Convergence of
adsorption enthalpy with cluster size using the QM(T5)/MM method at the ωB97X-D/6311++G(3df,3pd), M06-2X/6-311++G(3df,3pd), and B3LYP/6-311++G(3df,3pd) levels
of theory. The error bars presented represent +/- 10% of the reported heat of adsorption.
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The enthalpy of adsorption of methanol in H-MFI was calculated for cluster
models ranging in size from 5- to 367-T atoms, using the QM(T5)/MM method at the
ωB97X-D/6-311++G(3df,3pd),
M06-2X/6-311++G(3df,3pd),
and
B3LYP/6311++G(3df,3pd) levels of theory. The results presented in Figure 2.4 show a monotonic
convergence in the adsorption enthalpy as the cluster size increases, and above 75 Tatoms is essentially independent of cluster size at all levels of theory; however, only the
ωB97X-D and M06-2X functional give cluster-size converged values of the enthalpy of
methanol adsorption that are within our targeted chemical accuracy of 2 kcal/mol with
respect to the reported experimental value.
2.3.3

Adsorption Enthalpy of 1-Butene in Silicalite

The enthalpy of 1-butene physisorption in MFI was used as a representative
adsorbate to benchmark the enthalpy of adsorption for adsorbates stabilized
predominantly by dispersive interactions. Many potential energy minima were found for
1-butene physisorption, all having nearly similar adsorption energies. The lowest energy
structure, corresponding to 1-butene physisorbed in the intersection of the straight and
sinusoidal channels of MFI was used for further single point calculations. The adsorption
enthalpy of 1-butene in a purely silicious MFI zeolite was calculated using the B3LYP,
M06-2X, and ωB97X-D functionals and a 6-311++G(3df,3pd)-DB basis set. Figure 2.5
illustrates the results of these calculations and those resulting from use of the RIMP2//T5(CBS) method. Also shown is the experimental value determined by gas
chromatograph sorption, –14.3 kcal mol-1 at 300 K.57
For the T44 cluster size, good agreement is again observed between the
experimental value of the heat of adsorption and that determined at the ωB97X-D/6311++G(3df,3pd)-DB level of theory, -13.6 kcal mol-1. The RI-MP2(FC)//T5(CBS)
method (-10.8 kcal mol-1) and the M06-2X functional (-7.2 kcal mol-1) both predict
adsorption enthalpies which slightly underbind the adsorbate with respect to what is
found experimentally. The B3LYP/6-311++G(3df,3pd)-DB level of theory (-3.1 kcal
mol-1) predicts an adsorption enthalpy which significantly underbinds 1-butene by about
10 kcal mol-1 with respect to the experimental value. This large discrepancy is apparently
due to the inability of the B3LYP functional to correctly capture close range
intermolecular interactions between 1-butene and the zeolite. As in the case of methanol,
the enthalpy of 1-butene adsorption decreases with the size of the cluster, but not as
rapidly as it does for methanol, because of the heat of adsorption of 1-butene is governed
almost exclusively by van der Waals interactions. It is also evident that the calculated
enthalpy of adsorption is more strongly dependent on the functional used with a given
cluster size than in the case of methanol, again reflecting the importance of capturing the
effects of van der Waals interactions correctly.

16

Figure 2.5. Physisorption Enthalpy (300 K) of 1-Butene in MFI: Comparison of
predicted adsorption enthalpy using B3LYP/6-311++G(3df,3pd), M06-2X/6311++G(3df,3pd), ωB97X-D/6-311++G(3df,3pd), and RI-MP2//T5(CBS) methods with
experimental value using cluster models of increasing size. The error bars presented
represent +/- 10% of the reported heat of adsorption.

The enthalpy of 1-butene adsorption in silicalite for clusters ranging in size from
5- to 367-T atoms, performed using the QM(T5)/MM method, is shown in Figure 2.6.
The QM(T5) calculations were done at the ωB97X-D/6-311++G(3df,3pd), M06-2X/6311++G(3df,3pd), and B3LYP/6-311++G(3df,3pd) levels of theory. In this case, clustersize convergence is obtained for clusters of 150T atoms and larger, as shown in Figure
2.6. At the converged cluster model size, the calculated enthalpy of adsorption is within
the targeted accuracy of 2 kcal/mol with respect to the reported experimental value using
the QM(T5)/MM method at the ωB97X-D/6-311++G(3df,3pd) level of theory. Both the
ωB97X-D and M06-2X functionals predict adsorption enthalpies within 10% of the
reported experimental value. By contrast the adsorption enthalpy calculated using full
QM and a 44-T atom cluster did not converge with respect to cluster size (see Figure 2.5),
and at the ωB97X-D/6-311++G(3df,3pd) level of theory the deviation between prediction
and experiment was still 3 kcal/mol. Thus the use of the QM(T5)/MM(T150) model give
a more accurate evaluation of the enthalpy of butene adsorption in silicalite than the full
QM T44 model with a very significant savings in computational effort in the former case
by performing the simulation with only a T5 QM region.
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Figure 2.6. Adsorption Enthalpy (300 K) of 1-Butene/MFI: Convergence of adsorption
enthalpy with cluster size using the QM(T5)/MM method at the ωB97X-D/6311++G(3df,3pd), M06-2X/6-311++G(3df,3pd), and B3LYP/6-311++G(3df,3pd) levels
of theory. The error bars presented represent +/- 10% of the reported heat of adsorption.

2.3.4

Chemisorption Enthalpy of 1-Butene in H-MFI

Calculations of the enthalpy of 1-butene chemisorption in H-MFI were used as a
benchmark that is representative of adsorbates capable of forming a covalent bond with
the zeolite framework. Depending on the carbon atom that is protonated, the bond
formed between zeolite and alkene can occur through the terminal or an internal carbon
atom. In all cluster sizes and adsorbate configurations considered in this study, the
secondary alkoxide structures were found to be most stable and were chosen for the
calculations of the heat of 1-butene chemisorption. The adsorption enthalpy of 2butoxide calculated with B3LYP, M06-2X, and ωB97X-D functionals using a 6311++G(3df,3pd)-DB basis set and the RI-MP2//T5(CBS) method are reported in Figure
2.7. Also shown is the experimental value determined by gas chromatograph sorption, –
26.3 kcal mol-1 at 523 K.58
At the T44 cluster size, we observe fair agreement between the experimental
value of the enthalpy of chemisorption and that calculated using the ωB97X-D/6311++G(3df,3pd)-DB level of theory, -23.1 kcal mol-1. While the enthalpy of adsorption
calculated at the M06-2X/6-311++G(3df,3pd)-DB level of theory (-18.2 kcal mol-1)
agrees more closely with that determined using the RI-MP2(FC)//T5(CBS) method (-17.2
kcal mol-1), both methods underbind the alkoxide species when compared with
experiment. The B3LYP/6-311++G(3df,3pd)-DB level of theory (-10.5 kcal mol-1) again
predicts an adsorption enthalpy which significantly underbinds 1-butene with respect to
the experimental value and other levels of theory. A rise in the chemisorption enthalpy is
observed between the T5 and T24 cluster models due to the aphysical nature of the
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configuration of butoxide in a T5 cluster. Addition of T-atoms to the zeolite cluster
causes the butoxide species to adopt a slightly different configuration, one that is closer
to the center of the intersection between straight and sinusoidal channels. This
configuration is significantly more stabilized in the T34 and T44 cluster models.
Substantial increases in the binding energy occur upon the addition of T-atoms to the T34
cluster model. As with the adsorption of 1-butene in silicalite, convergence to the
experimental value of the enthalpy of adsorption is not observed even for clusters
containing 44 T atoms. Evidently convergence of the adsorption enthalpy with cluster
size requires cluster sizes that are larger than those normally computed using purely QM
methods.
Figure 2.8 shows the enthalpy of 1-butene chemisorption in H-MFI calculated for
clusters ranging in size from 5- to 367-T atoms, using the QM(T5)/MM method at the
ωB97X-D/6-311++G(3df,3pd),
M06-2X/6-311++G(3df,3pd),
and
B3LYP/6311++G(3df,3pd) levels of theory. It is observed that the enthalpy of 1-butene
chemisorption converges with respect to cluster size for clusters larger that 150T atoms.
Both ωB97X-D and M06-2X functionals again predict adsorption enthalpies within 10%
of the reported experimental value. We also note that the enthalpy calculated using full
QM and a 44-T atom cluster did not converge with respect to cluster size (see Figure 2.7),
and at the ωB97X-D/6-311++G(3df,3pd) level of theory the deviation between prediction
and experiment was still 5 kcal/mol. Here again, the QM(T5)/MM(T145) model results
in an improvement in the accuracy of the predicted enthalpy of 1-butene chemisorption
over that determined using a full QM T44 model.
Figure 2.7. Chemisorption Enthalpy (523 K) of 1-Butene in H-MFI: Comparison of
predicted adsorption enthalpy using B3LYP/6-311++G(3df,3pd), M06-2X/6311++G(3df,3pd), ωB97X-D/6-311++G(3df,3pd), and RI-MP2//T5(CBS) methods with
experimental value using cluster models of increasing size. The error bars presented
represent +/- 10% of the reported heat of adsorption.
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Figure 2.8. Adsorption Enthalpy (523 K) of 1-Butene/H-MFI: Convergence of
adsorption enthalpy with cluster size using the QM(T5)/MM method at the ωB97X-D/6311++G(3df,3pd), M06-2X/6-311++G(3df,3pd), and B3LYP/6-311++G(3df,3pd) levels
of theory. The error bars presented represent +/- 10% of the reported heat of adsorption.

2.3.5

Effect of Incomplete Basis Set on Adsorption Enthalpy

The enthalpy of adsorption of 1-butene in silicalite and in H-MFI calculated with
ωB97X-D at the CBS limit using the QM(T5)/MM(T304) method is shown in Table 2.2.
Also shown is the enthalpy of adsorption calculated with basis sets of varying quality.
The cc-pVTZ basis set compares well with the CBS limit values, with a difference of
only about 1 kcal/mol. Upon addition of diffuse functions, the enthalpy of adsorption is
stabilized on the order of 0.5 kcal/mol. Increasing basis set zeta from triple to quadruple
zeta decreases the adsorption enthalpy by about 1.0 kcal/mol. The extrapolated CBS
limit for both physisorption and chemisorption enthalpies agree extremely well with
reported experimental values.
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Table 2.2. Adsorption Enthalpy (300 K) of 1-Butene/MFI and Adsorption Enthalpy (523
K) of 1-Butene/H-MFI: Convergence of adsorption enthalpy with basis set size.
Dunning’s correlation consistent basis sets cc-pVXZ and augmented correlation
consistent basis sets aug-cc-pVXZ. The aug-cc-pVXZ(X=T,Q) results are extrapolated to
obtain the adsorption enthalpy at the CBS limit. All calculations were performed using
the QM(T5)/MM method and the ωB97X-D exchange-correlation functional with a total
cluster size of 304 T-atoms.

cc-pVTZ
cc-pVQZ
aug-cc-pVTZ
aug-cc-pVQZ
CBS limit
Experiment
2.3.6

ΔHads(300 K)
(kcal mol-1)

ΔHads(523 K)
(kcal mol-1)

1-Butene/MFI

1-Butene/H-MFI

-15.3
-14.8
-15.6
-14.8
-14.3
-14.3

-28.6
-27.6
-28.9
-27.9
-27.3
-26.3

Dependence of Adsorption Enthalpy on QM Region Size

The enthalpy of methanol adsorption in H-MFI, 1-butene in MFI, and 1-butene in
H-MFI calculated with both the QM(T5)/MM and the QM(T44)/MM methods with a
total cluster size of 304 T-atoms at the ωB97X-D/6-311++G(3df,3pd) level of theory is
presented in Table 2.3. We find very good agreement between QM(T5)/MM and
QM(T44)/MM methods and the experimentally reported adsorption enthalpies.
Expanding the QM region symmetrically around the adsorbate results changes the
calculated enthalpy by only 1 kcal/mol, suggesting that calculations utilizing a large QM
region are not necessary for chemical accuracy.
Table 2.3. Convergence of adsorption enthalpy with QM region size. Adsorption
enthalpies calculated with the QM(T5)/MM(T304) and QM(T44)/MM(T304) methods at
the ωB97X-D/6-311++G(3df,3pd) level of theory.
QM(T5)/MM QM(T44)/MM
(kcal mol-1)
(kcal mol-1)

Experiment
(kcal mol-1)

Methanol/H-MFI

-27.8

-27.3

-27.5

1-Butene/MFI

-15.3

-15.9

-14.3

-28.8

-29.8

-26.3

1-Butene/H-MFI
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2.3.7

SCF Timing Comparisons for QM(T5)/MM and QM(T44)/MM Methods

Representative timings of complete SCF calculations performed with both the
QM(T5)/MM and QM(T44)/MM methods are presented in Table 2.4. All timings were
performed using a development version of the software package Q-Chem on a single core
of a quad-core, 2GHz AMD Opteron Processor machine allotted 8 Gb of RAM. All
calculations were performed with the ωB97X-D functional and a total cluster size of 304
T-atoms. Reduction of the QM region from T44 to T5 reduces the number of Gaussian
basis functions on the order of 10X, and resulted in a 767X speed up at the ωB97X-D/6311++G(3df,3pd)-DB level of theory with little loss in accuracy, as described previously.
Compared with both 44 T-atom full QM and QM(T44)/MM calculations, the
QM(T5)/MM method shows a remarkable reduction in computational complexity with
virtually no loss of accuracy.
Table 2.4. Characteristic timings of QM(T44)/MM(T304) and QM(T5)/MM(T304)
calculations at the ωB97X-D/6-311G(d,p) and ωB97X-D/6-311++G(3df,3pd) levels of
theory. All timings were performed using a development version of the software package
Q-Chem on a single core of a quad-core, 2GHz AMD Opteron Processor machine allotted
8 Gb of RAM.

44 T-Atoms

5 T-Atoms

Basis
Functions

Wall
Time (s)

Basis
Functions

Wall
Time (s)

Speed
Up

6-311G(d,p)

2678

223860

283

436

513

6-311++G(3df,3pd)

6110

773120

673

1007

767

2.3.8

Alkene Methylation in H-MFI using QM/MM Method

To demonstrate the chemical accuracy of the QM/MM method for calculating
activation barriers, the reaction of methylation of ethene by methanol was chosen for
study. This reaction has been proposed to be an important step in the methanol-to-olefins
process when catalyzed by H-MFI, and has been the subject of many theoretical and
experimental studies.59,60,61,62,63
Starting geometries for physisorbed methanol and the ethene methylation
transition state in H-MFI are given in the supplemental information of Ref. 60. A large
cluster model (T464) was used to represent the zeolite environment. All structures were
optimized in a manner similar to the previous QM/MM study.
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Table 2.5 lists the calculated apparent activation enthalpy for ethene methylation
by methanol determined at the ωB97X-D/6-311++G(3df,3pd)// ωB97X-D/6-31G(d,p)
level of theory using the QM(T5)/MM method. The apparent activation barrier for
ethene methylation (i.e. the enthalpy difference between the transition state and methanol
adsorbed at the acid site) is +24.5 kcal mol-1. This value is in good agreement with the
experimentally measured activation barrier (+24.9 kcal mol-1) and the value calculated
with the more computationally demanding PBC-DFT:MP2 model (+24.9 kcal mol-1).60
The apparent activation barrier calculated using the QM(T44)/MM method at the
ωB97X-D/6-311++G(3df,3pd)// ωB97X-D/6-31G(d,p) level of theory is +27.1 kcal mol1
, still in good agreement with experiment. The effect of changing QM region size is a
difference of +2.6 kcal mol-1 in the apparent activation barrier, similar in magnitude to the
changes observed in adsorption enthalpies. The apparent activation barrier calculated at
the ONIOM(B3LYP/6-31+G(d):HF/6-31+G(d))-D//ONIOM(B3LYP/6-31G+(d)/MNDO)
level of theory using a T46 cluster and a QM(T8)/QM methodology (+19.8 kcal mol-1) is
5 kcal/mol lower than the value determined experimentally.63 The QM(T5)/MM results
were achieved at a fraction of the computational cost of other cluster model based QM
methods, while significantly improving upon the accuracy.
‡
Table 2.5. Apparent Activation Barriers (∆!!"#!
) for the Methylation of Ethene in HMFI using the QM(T5)/MM method at the ωB97X-D/6-311++G(3df,3pd)// ωB97X-D/631G(d,p) level of theory (kcal mol-1). Comparison with PBC:DFT/MP2 method and
Experiment.

Apparent Activation Barrier

∆H623K‡ (kcal mol-1)

QM/MM

PBC-DFT:MP260

Experiment62

24.5

24.9

24.9

2.4 Conclusion
The adsorption enthalpy of light hydrocarbon molecules in both acidic and neutral
zeolite MFI has been investigated with a range of computational methods. The role of
cluster model size and density functional theory methodology was examined
systematically for three different classes of adsorbates. Our study concludes:
1.
2.

The commonly applied B3LYP functional performs poorly in
benchmark studies of hydrocarbon binding to zeolite active sites due to
inadequate description of intermolecular interactions.
Adsorption enthalpies computed with the newer ωB97X-D and M062X density functionals agree well with values computed with the
higher level RI-MP2(FC)//T5(CBS) method for the largest QM cluster
studied.
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3.
4.

5.

6.

A hybrid quantum mechanics/molecular mechanics (QM/MM) method
is required to fully converge thermochemical properties in cluster
model zeolite simulations in a manner that is computationally feasible.
The accuracy of both QM and QM/MM methods are highly sensitive to
choice of basis set and total cluster size. Large basis sets (e.g. 6311++G(3df,3pd)) and large cluster model sizes (typically hundreds of
T atoms) are required to achieve the desired chemical accuracy of 2
kcal/mol with respect to experimentally determined adsorption
enthalpies and activation barriers.
Fortunately, the accuracy of large cluster model QM/MM calculations
is nearly independent of QM region beyond a 5 T-atom region. This
gives large speedups such as 767 times at the ωB97X-D/6311++G(3df,3pd)-DB level of theory when a T5 QM region is
compared to a T44 QM region.
These studies have led to a suggested method [QM(T5)/MM-ωB97XD/6-31G(d,p)//ωB97X-D/6-311++G(3df,3pd)-DB] for performing
simulations of chemical reactions occurring in zeolites that is superior
to most existing theoretical methods in accuracy and often much lower
in computational effort. This methodology was illustrated by accurate
calculations of the barrier to ethane methylation by methanol in H-MFI.
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Chapter 3
Oligomerization of Propene by a Ni(II) Organometallic Complex
Formed in the Supercage of Ni-Exchanged Na-X zeolite:
Theoretical Analysis of Activation Mechanism and Catalytic Cycle
Abstract
A hybrid quantum mechanics/molecular mechanics (QM/MM) method has been utilized
to study the activation mechanism of Ni-exchange Na-X zeolite by propene and the
mechanism for the catalytic oligomerization of propene by the activated Ni-complex in
Ni-Na-X. The Ni2+ cations in as-prepared Ni-Na-X are shown to locate preferentially in
inaccessible positions within the framework of Na-X, and the migration to a catalytically
active position is facilitated by propene. The key activation barrier of the proposed
mechanism of propene facilitated Ni activation corresponds to the formation of a Ni-allyl
complex, and is driven by the enthalpic stabilization of the Ni2+ cation, which can
coordinate better with propene than with the rigid Na-X lattice. The resting state of the
Ni-Na-X catalyst is a propene ligated Ni-propyl organometallic complex located in the
supercage of Na-X. The rate-limiting step of propene oligomerization catalyzed by NiNa-X is the carbon-carbon bond formation step between propene and the Ni-propyl
complex that proceeds via migratory insertion in a Cossee-Arlman type mechanism. The
apparent activation energy and the predicted carbon-branching selectivity calculated from
apparent free energy barriers at 453 K agrees well with experimental measurements. This
study is the first of its kind to examine the activation process of Ni-exchange Na-X
catalysts and provides a plausible explanation for the high selectivity to dimers (>90%)
during oligomerization of propene.
3.1 Introduction
Oligomerization of alkenes can be used to convert volatile light ends products,
produced by processes such as Fischer-Tropsch synthesis1 and fluid catalytic cracking2,
into higher molecular weight hydrocarbons that can be blended into gasoline and
diesel.3,4 Solid Brønsted acid catalysts, such as zeolites, are known to catalyze alkene
oligomerization at moderate temperature and pressure; however, the selectivity to
oligomers is low due to hydrocarbon cracking and aromatization that occur under similar
operating conditions.5,6,7 One alternative to Brønsted acid catalysts are Ni-exchanged
zeolites 8 , 9 , 10 , 11 , 12 , 13 , which are highly active for alkene oligomerization at lower
temperature, and are selective to oligomer formation, but operate at higher pressures than
those required for Brønsted acid catalysts.3,12
While many Ni-containing materials, including aluminosilicate zeolites8-13,
mesoporous aluminosilicates14, zincosilicate zeolites15, and organometallic frameworks16,
have been studied and shown to be active catalysts for alkene oligomerization, there is
little information regarding the active site for catalysis or the mechanism of alkene
oligomerization. A recent study by Mlinar et al.13 showed by X-ray absorption
spectroscopy and temperature programmed reduction that all of the Ni present in the Ni!
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Na-X samples exist as charge-compensating cations within the Na-X framework after
exchange, and maintains a 2+ oxidation state in both the as-prepared catalyst and under
catalytic conditions. Before reaching steady-state operation, the propene/Ni-Na-X system
undergoes an activation period. The authors propose that Ni2+ cations in the as-prepared
catalyst reside in the six-membered aluminosilicate rings of fuajasite and are inaccessible
to alkenes and, hence, must migrate into the faujasite supercage in the presence of
propene in order to become catalytically active. This conclusion is supported by EXAFS
studies showing that Ni2+ cations in dry Ni-Na-X are accommodated in the hexagonal
cages of the zeolite, but can migrate into the supercages upon exposure to water
vapor.17,18,19 The work of Mlinar et al. also showed that the dynamics of Ni-Na-X in the
presence of propene could be represented well by a model that correctly captured the
effects of Ni loading. Another important finding of this study is that the Ni-Na-X could
not be activated in ethene, but became active for ethene oligomerization following
activation in propene. This observation suggests that the allylic hydrogen on the methyl
group of propene plays an important role in the activation of the catalyst. The reaction
kinetics for propene oligomerization on activated Ni-Na-X were first order in propene
and exhibited an apparent activation energy of 45 kJ/mol.13
The experiments of Mlinar et al. give insight into the apparent kinetics of propene
oligomerization in Ni-Na-X and the oxidation state of the Ni cation during propene
conversion but no information is known about the identity of the active site under
reaction conditions or the catalytic mechanism. Based on the activation behavior of
ethene/Ni-Na-X and propene/Ni-Na-X systems we propose a mechanism that proceeds by
activation of allylic hydrogen on propene to form a Ni-alkyl complex. The kinetics of
propene oligomerization and the selectivity to different oligomer isomers are determined
by theoretical analysis and compared with experimental observations.
The mechanism of alkene oligomerization by homogenous Ni centers has been
studied extensively. In the Shell Higher Olefin Process (SHOP), ethene is oligomerized
to a broad distribution of olefins by a single-component nickel catalyst.20 Typically, a
chelating agent such as diphenylphosphinobenzoic acid or acetic acid is combined with a
nickel source such as (η4-1,5-cyclooctadiene)2Ni or NiCl2/NaBH4 to produce the active
catalyst, which is assumed to be a nickel hydride or nickel alkyl species with nickel in the
2+ oxidation state.20,21 The SHOP catalyst operates by the Cossee-Arlman mechanism,22
in which the chain growth step proceeds via stepwise cis migratory insertion of alkene
molecules into an existing metal-carbon bond and chains are terminated and released by
β-hydride elimination.
An alternative mechanism for the homogenous alkene
oligomerzation is the metallacycle mechanism. 23 Phillips has commercialized a
chromium based trimerization catalyst that performs the oligomerization of ethene via a
metallacycle mechanism.24 This reaction proceeds by the oxidative coupling of two
ethylene molecules to produce a metallacyclopentane complex. Insertion of further
ethylene into the metallacyclopentane produces larger metallacycles, while
decomposition of the metallacycle by β-hydride elimination leads exclusively to the
production of linear α-olefins. The oligomerization of propene by Ni-Na-X produces
predominantly linear (52% within the C6 fraction) and singly-branched (43% within the
C6 fraction) C6 dimers, along with some doubly-branched C6 dimers (5% within the C6
!
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fraction) and <10% overall selectivity to C9 trimers at 453 K and 1.25 bar propene partial
pressure.13 The resulting alkenes contain predominantly internal double bonds. This
product distribution can be produced directly either through the Cossee-Arlman
mechanism or through the metallacycle mechanism, in which the resulting α-alkenes
undergo secondary reactions to produce branched, internal alkenes. Hexene cracking due
to residual Brønsted acid sites within Na-X was noted by Mlinar et. al13 during control
experiments. Zeolite Brønsted acid sites can perform skeletal isomerization and doublebond migration of alkenes at the reaction temperature of 453 K, but these sites were
observed to deactivate after 1 h of time-on-stream, after which rate data was taken as to
minimize the contribution from secondary reactions.
In this study, we utilize a quantum mechanics/molecular mechanics (QM/MM)
model to identify a plausible mechanism for the activation Ni-Na-X in propene and
mechanism of propene oligomerization. We show that the migration of the Ni2+ cation
from the internal structure of Na-X into the supercage is spontaneous upon exposure to
propene, leading to the formation of an organometallic Ni-alkyl complex contained
within the void space of the supercage, which is the resting state of the catalyst. The
propene ligated Ni-alkyl complex, previously observed by researchers studying
homogenous Ni2+ catalysts, has been shown to be active for propene oligomerization in
the batch phase.20,21 We show that the zeolite-solvated Ni-alkyl complex is catalytically
active for propene oligomerization, and the apparent activation energy calculated via the
Cossee-Arlman mechanism is in good agreement with experimentally observed activation
energy. Extra-framework Na+ cations present in the Na-X zeolite supercage influence the
selectivity by dis-favoring the thermodynamically favored double-branching pathways,
thereby resulting in the high selectivity to linear and singly-branched products observed
experimentally.
3.2 Methods
3.2.1

Cation Siting in Ni-Na-X

The crystallographic structure of dehydrated Na-X of Olsen 25 was used to
determine the positions of all atoms in the zeolite cluster model, shown in Figure 3.1. The
secondary building unit of the faujasite framework is a double six-membered ring (D6R),
each ring composed of 6 tetrahedral (T)-atoms (either Si or Al) each coordinated to two
oxygen atoms. Connecting four D6Rs as shown in Figure 3.2I, results in a tertiary
building unit (TBU) containing 48 T-sites. The unit cell of FAU is constructed from four
TBUs, containing 16 D6Rs in total. The Na-X pore structure consists of these TBUs,
commonly referred to as sodalite cages, arranged in 1.2-nm wide supercages accessible
through 0.72-nm windows. The composition of the unit cell is NaxAlxSi192-xO384, where 0
≤ x ≤ 96. FAU-type zeolites have been labeled either X or Y depending on their
framework aluminum density (x). Zeolite X has a framework density between 96 and 77
aluminum atoms per unit cell, whereas zeolite Y contains fewer than 77 framework
aluminum atoms per unit cell. In the current study, we focus on the sodium form of
Zeolite X (Na-X) and assume a framework aluminum density x = 96.
!
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Three separate studies of the structure of dehydrated Na-X have been reported in
the literature.25,26,27 All authors agree on the proposed space group of Na-X (Fd3) and
measured lattice constant (a = 25.099 Å). The crystal structure contains two distinct Tatom sites T1 and T2 occupied by Si and Al, respectively, and four distinct oxygen site
O1-O4. The extra-framework cations are located in various crystallographic positions.
Site I cations are located centrally inside a D6R. Site II cations face into the supercage
and are located in 6-ring windows of the sodalite cage. Sites I’ and II’ are also located
inside the sodalite cage, displaced inward toward the center of the sodalite cage relative
to sites I and II, respectively. The positions and siting distributions of the remaining Na+
cations that sit outside of the TBUs along the wall of the supercage differ in each of the
three studies. Olsen identifies Na+ cations occupying three distinct supercage cation sites,
site III’, which are labeled as site III’a, site III’b, and site III’c based on a single-crystal
X-ray crystallography study of fully dehydrated Na-X (x=88). Site III’a cations sit atop
above oxygen O4 that bridges Si (T1) and Al (T2). Site III’b cations sit bridging across
two oxygen atoms O1 and O4 above Si, and site III’c cations sit bridging across two
oxygen atoms O4 and O1 above Al. A different model of cation siting for dehydrated NaX with a framework aluminum density x = 92 has been proposed by Zhu and Seff based
on an independently measured single-crystal X-ray diffraction study.26 Their model
shows full occupation of sites I’ and II, partial occupation of site III’b and III’c, and no
cations present in site III’a. Cheetham et. al have used powder neutron diffraction to
determine the siting of cations in dehydrated Na-X with a framework aluminum density x
= 87 by.27 Their model shows full occupation of sites I’ and II, partial occupation of site
III’c, and no cations present in sites III’a and III’b. A summary of the occupation of
these sites found by Olsen (x = 88), Seff (x = 92), Cheetham (x = 87) is given in Table
3.1. For the present study, we have used the crystal structure and cation site positions
provided by Olsen, assuming x = 96, and an initial cation distribution identical to that of
Cheetham et. al.
Table 3.1. Cation distribution for Na86X (Olson), Na92X (Seff), and Na87X (Cheetham).
Site
I
I'
II
II'
III
III'a
III'b
III'c
Total

!

Olson25
2.9
29.1
31
0
0
10.6
8.6
10.6
92.9

Seff26
0
32
32
0
0
0
10
18
96

Cheetham27
0
32
32
0
0
0
0
32
96
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Figure 3.1. Model of Ni-exchanged Na-X zeolite containing 144 tetrahedral atoms used
in the current study. (Left) The Ni2+ cation residing in the SI cation site before activation.
(Right) The resting state of the catalyst (L3Ni-Alkyl) under operating conditions after
activation by propene.

3.2.2

QM/MM Computations

Implementation of the electrostatically embedded QM/MM zeolite model in this
work followed the scheme described previously, the details of which can be found
elsewhere.28 The stoichiometry of the QM region is NiNaAl3Si2O6H12, and contains a
fragment of the Na-X framework containing two T-atoms along one edge of a D6R and
four T-atoms along the bottom of a sodalite window. The total stoichiometry of the
QM/MM model, shown in Figure 3.1a, is NiNa70Al72Si72O234H108. The remainder of the
zeolite outside the QM region was described by molecular mechanics with a standard
force field of the CHARMM type. 29 All calculations were performed using a
development version of Q-Chem 4.0.30
All geometry optimizations were performed with relaxation of only the internal
QM region, keeping the hydrogen terminations of the QM region and all the MM atoms
frozen. Since the MM atoms are held fixed, the only relevant terms in the force field are
the two MM-QM interactions. The electrostatic part of this interaction, is described by
VQM /MM = ∑
ij

qj
4πε 0 rij

where VQM/MM is the electric potential in the QM Hamiltonian due to all MM atoms; rij is
the distance between particles i and j, where particle i is in the QM region and particle j is
in the MM region; qj is the charge on particle j, which is a force field parameters; and ε0
is the permittivity of free space. The Lennard-Jones interaction ELJ is given by
6
(! $12
!R $ +
Rij
ij
*
ELJ = ∑ eij ## && − 2 ## && *" rij %
" rij % -,
ij
)
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where eij=(eiej)1/2 and Rij=(Ri+Rj)/2, Ri is the van der Waals radius, and ei is the
characteristic energy for the Lennard-Jones potential describing particle i. These
expressions require three parameters for each atom type. Alkane parameters were taken
directly from the CHARMM CGenFF library. 31 The Lennard-Jones and charge
parameters describing Si, Al, and O, shown in Table 3.2, were transferred from previous
work.32 Na+ cations in the MM region were given a formal charge of 0.0, and LennardJones parameters taken from the CHARMM27 library.33 The removal of Na+ cations
from the electrostatic embedding QM/MM was motivated by the apparent overpolarization of the QM region, which is observed in the binding energy of alkanes and
small gas molecules [see Supporting Information].
Table 3.2. Charge and Lennard-Jones parameters used in the current work.
Q
0.7
-0.35
0

Si/Al
O
Na

ε [kcal mol-1]
0.047
0.018
0.0469

R [Å]
2.2
1.77
1.41

All adsorption enthalpies reported are corrected for zero point vibrational energy
and include a finite temperature correction. The correction term, V, was calculated using
a modified rigid-rotor harmonic oscillator approach (quasi-RRHO) proposed by
Grimme34, for which the vibrational energy contribution is described by
(
"1
%+
V = ∑*ω (ν i ) Vi + (1− ω (ν i )) $ RT '#2
&,
i )

ω (ν i ) =

1

( ν)

1+ ν 0

4

i

where T is the absolute temperature, R is the gas constant, is the frequency of the
vibration mode i, is chosen as 100 cm-1, and is the vibrational energy contribution of
mode i described by the regular rigid rotor-harmonic approximation (RRHO)
2

−hν i

! hν $
1
e kT
Vi = hν i + RT # i &
2
−hν i
" kT % !
2
$
kT
#1− e
&
"
%
where h is the Planck constant.
Geometry optimizations were performed at the B97-D/6-31G* level of theory.35
Single point energy calculations using the optimized geometries were performed with the
hybrid exchange-correlation functional ωB97X-D36,37 and triple-ζ, augmented, polarized
valence Def2-TZVPD basis set. Single point energies were converged to 10-7 Ha and
34
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performed using a standard integration grid, SG-1. Frequency computations were
performed on all structures to ensure that geometries corresponded to local minima (zero
negative eigenvalues) or transition states (one negative eigenvalue).
The ligation of the Ni2+ cation by propene over the course of the catalyst
activation and propene oligomerization was determined by minimizing the free energy
barrier with respect to Ni-propene coordination number for each elementary reaction step.
The adsorption of propene from the gas phase into the Na-X zeolite is entropically
disfavored but can be stabilized enthalpically during the cation migration steps involved
in Ni-X activation (see Introduction). In general, an under-coordinated Ni2+ center
involved in an elementary reaction step will display an un-physically high activation
energy and activation free energy while an over-coordinated Ni2+ center undergoing an
elementary reaction step will have a similar activation energy compared to the optimally
coordinated Ni2+ center but have a higher free energy of activation due to the loss of
entropy upon adsorption of the extra propene molecule. For Ni2+ activation and propene
oligomerization mechanisms, we have determined the optimal propene coordination for
each elementary reaction step. By application of this process, we have been able to
identify the minimum free energy pathway for both the activation of Ni2+ cations and
propene oligomerization.
3.3 Results and Discussion
3.3.1 Activation of Ni2+ Cation by Propene in Ni-Na-X
The proposed mechanism of Ni2+ migration and Ni-alkyl formation is shown in
Figure 3.2. The enthalpy (453 K) and Gibbs free energy (453 K) are given in Figure 3.3,
and the identity of each intermediate is given in Table 3.3. The activation mechanism of
Ni-Na-X can be broken down into three parts: the migration of Ni2+ from SI to SII
(Figure 3.2, I-VI), the abstraction of the Ni2+ from the SII site by propene and formation
of a Ni-allyl complex (Figure 3.2, VI-X), and the formation of a Ni-alkyl complex in the
supercage Na-X that is active for propene oligomerization (Figure 3.2, XI-XVII). For
the Ni2+ cation to become accessible for adsorption and catalysis, a Na+ cation present in
site II must be displaced (I). In the proposed mechanism, we consider an elementary step
where a Na+ cation migrates from site II to an adjacent unoccupied site III’c while the
Ni2+ cation migrates from site I to site I’ in a concerted fashion. Propene first binds to the
Na+ cation (II) (ΔHII-I (453 K) = -12.1 kcal mol-1) and then stabilizes the transition state
(III) by donating electron density from the propene π orbital into the under-coordinated
Na+ cation as it undergoes migration from site II to III’c. The migration of the Na+ cation
proceeds with an activation free energy of ΔGIII-II (453 K) = +8.9 kcal mol-1. The Ni2+
cation, once in the site I’ position (IV), can migrate into the site II position where it is
stabilized by the zeolite lattice, bridging over an O-Al-O group in the sodalite window,
and propene, which adsorbs as a π-bound ligand. The migration of Ni2+ from site I to site
II (I → VI) is driven by the enthalpic stabilization of Ni2+ (ΔHIV-I (453 K) = -20.5 kcal
mol-1), the overall free energy of the system (VI, ΔGIV-I (453 K) = -3.2 kcal mol-1) and
the process is spontaneous upon adsorption of propene.
!
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Figure 3.2. Selected intermediates along the propene facilitated Ni-Na-X activation
pathway, omitting transition state structures and some propene adsorption steps. The Na+
cation is shown as a light grey ball, and the Ni2+ cation is a larger, blue ball. In figures IX, each vertex represents a T-atom (either Si or Al) and each line segment represents a
Si-O-Al bond. Intermediates I-IV show the migration of Na from the site II to III’c.
Intermediates VI-X show the migration of Ni from site II into the void space of the
supercage through the formation of an allyl intermediate. Intermediates XI-XV show the
formation of the Ni-alkyl complex within the supercage of Na-X.
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Figure 3.3. Enthalpy and Gibbs free energy (453 K) [kcal mol-1] diagrams of the propene
facilitated Ni-Na-X activation process.a
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(L= C3H6) I: Ni(SI)+Na(SII), II: Ni(SI)+L1Na(SII), III: Na(SII → SIII’c) TS,
IV: Ni(SI')+L1Na(SIII'c), V: Ni(SI’ → SII) TS, VI: [L1Ni(SII)]2+[Na-X]2-,
VII: [L2Ni(SII)]2+[Na-X]2-, VIII: [L3Ni(SII)]2+[Na-X]2-,
IX: Ni(SII → Supercage) Allyl Formation TS, X: [(η2−C3H5)L2Ni]+[(H)Na-X]-,
XI: [(η2−C3H5)L3Ni]+[(H)Na-X]-, XII: C-C Bond TS,
XIII: [(η2−C6H11)L2Ni]+[(H)Na-X]-, XIV: β-Hydride Elim. TS,
XV: [(η2−C6H10)L1Ni2+-(C3H7)]+ [(H)Na-X]-, XVI: [(η−C6H10)L2Ni2+-(C3H7)]+ [(H)NaX]-, XVII: [L3Ni2+-(C3H7)]+ [(H)Na-X]!
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Table 3.3. Calculated enthalpy (453 K) and Gibbs free energy (453 K) [kcal mol-1] of
reaction intermediates in the propene facilitated activation of Ni-Na-X. (L= C3H6)
!!
I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII

Ni(SI)+Na(SII)
Ni(SI)+Na(SII)+C3(ads)
Na(SII!SIII’c) TS
Ni(SI')+Na(SIII'c)+C3(ads)
Ni(SI’!SII) TS
[L1Ni(SII)]2+[Na-X]2[L2Ni(SII)]2+[Na-X]2[L3Ni(SII)]2+[Na-X]2Ni(SII!Supercage) Allyl Formation TS
[(η2−C3H5)L2Ni]+[(H)Na-X][(η2−C3H5)L3Ni]+[(H)Na-X]C-C Bond TS
[(η2−C6H11)L2Ni]+[(H)Na-X]β-Hydride Elim. TS
[(η2−C6H10)L1Ni2+-(C3H7)]+ [(H)Na-X][(η−C6H10)L2Ni2+-(C3H7)]+ [(H)Na-X][L3Ni2+-(C3H7)]+ [(H)Na-X]-

ΔH

ΔG

0.0
-12.1
-7.2
-20.7
-16.5
-20.5
-25.2
-31.3
-15.7
-55.4
-58.1
-47.5
-69.7
-66.5
-74.1
-75.4
-76.3

0.0
5.2
14.1
-2.7
0.8
-3.2
7.8
17.4
24.0
8.9
10.1
20.7
-1.4
-0.3
-5.9
11.6
-11.0

After the Ni2+ cation has migrated from site I to site II in the presence of propene
(IV → VI), the activation proceeds through the formation of a Ni-allyl complex. The
adsorption of additional propene to form L2Ni2+(SII) (VII) and L3Ni2+(SII) (VIII) (L=
C3H6) is exothermic (ΔHVII-VI = -5.7 kcal mol-1 and ΔHVIII-VII = -5.1 kcal mol-1) but
endergonic due to the loss of gas phase propene translational and rotational degrees of
freedom. The migration of the Ni2+ cation into the supercage (VIII → X) proceeds
through a Ni-allyl intermediate. An allylic hydrogen atom located on the methyl group of
propene undergoes Ni-facilitated dissociation and is transferred to a zeolite oxygen atom
located in the sodalite window where the Ni2+ cation was previously bound. In a
concerted fashion, the Ni2+ cation translates away from the sodalite window and into the
supercage, where it is stabilized through ligation by the allyl (η −C3H5) and two
previously adsorped propene molecules (VII, VIII) to form [(η −C3H5)L2Ni2+]+[(H)NaX]- (X). The intrinsic activation energy for abstraction of the allylic hydrogen (VIII →
‡
IX) is ΔH int
(453 K) = +15.6 kcal. The formation of the Ni-allyl intermediate (IX,
2

2

ΔGIX−I (453 K) = +24.0 kcal mol-1) is the highest activation barrier on the free energy
surface. If we consider state VI, the lowest lying intermediate on the free energy surface
preceding state IX, as the resting state of the un-activated catalyst in the presence of
propene, the formation of the Ni-allyl intermediate is the rate-determining step of
propene facilitated Ni-Na-X activation with an apparent free energy of activation
!
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‡
‡
ΔGapp
(453 K) = +27.2 kcal mol-1 and an apparent activation energy ΔH app
(453 K) = +4.8

kcal mol-1. The apparent activation free energy is higher than the apparent activation
energy due to the loss of entropy associated with propene adsorption steps VII and VIII,
which are necessary to stabilize the migration of the Ni-allyl complex.
Once the Ni-allyl complex is formed in the supercage of Na-X, the active site for
propene oligomerization is formed rapidly. The binding of an additional propene
molecule [(η −C3H5)L3Ni2+]+[(H)Na-X]- (XI) is only slightly exothermic (-3 kcal mol-1)
due to the full Ni coordinate sphere, but the presence of the additional propene stabilizes
the elementary steps necessary for the formation of the Ni-alkyl species, which involve a
reduction in Ni-alkene coordination number. The [L3Ni2+-C3H5]+[(H)Na-X]- complex
undergoes migratory insertion leading to C-C bond formation (XII) and β-hydride
elimination (XIV) to form a Ni-alkyl complex ligated by propene and 1,5-hexadiene
[(η −C6H10)L1Ni2+-(C3H7)]+[(H)Na-X]- (XV). The 1,5-hexadiene is displaced step-wise
by two additional propene (XV, XVI) to form the catalyst resting state [(C3H6)3Ni2+(C3H7)]+[(H)Na-X]- (XVII), identical to states C1 and D1 discussed in Section 3.3.2. The
Ni-alkyl organometallic complex is located in the supercage of Na-X and, since the
zeolite framework where the Ni2+ cation previously resided has only been partial-charge
compensated, the complex is electrostatically bound to the sodalite window in the zeolite
framework. The slow activation of the Ni-Na-X catalyst is due to the migration of Ni2+
from site II into the supercage (VI → X), with a free energy of activation of 28.2 kcal
mol-1. The free energy of the L3Ni-Alkyl(3) complex (XVII) is lower by -7.8 kcal mol-1
compared to the Ni2+ cation from the SII site (VI), providing the driving force for the
activation of the Ni2+ in the presence of propene.
2

2

3.3.2 Catalytic Mechanism of Propene Oligomerization in Ni-Na-X
The resting state of the Ni-Na-X catalyst is a [(C3H6)3Ni2+-(C3H7)]+[(H)Na-X](L3Ni-Alkyl(3)) complex (XVII). The alkyl can bind to the Ni2+ center through the 1- or
2- carbon atoms. The difference in free energy between 1-alkyl and 2-alkyl is small,
ΔG2-1= -0.7 kcal mol-1, which suggests similar populations at 453 K (55% 2-alkyl, 45%
1-alkyl). Carbon-carbon bond formation can occur through the 1- or 2- carbon of the πbound propene molecule, leading to four possible catalytic mechanisms A (1-alkyl, 1carbon), B (1-alkyl, 2-carbon), C(2-alkyl, 2-carbon), and D(2-alkyl, 2-carbon).
Figure 3.4 illustrates the mechanism of propene oligomerization starting at
[(C3H6)3Ni2+-(1-C3H7)]+[(H)Na-X]- (A1) and leading to the linear product trans-2-hexene.
The enthalpy and free energy surface of trans-2-hexene formation is shown in Figure 3.5,
and the corresponding labels and values are given in Table 3.4. Starting at the resting
state (A1 = XVII), the first step of propene oligomerization is adsorption of propene into
Na-X and coordination to Ni-alkyl complex (A2). The adsorption of propene is weakly
exothermic (-3 kcal mol-1) and distorts the tetrahedral L3NiAlkyl(3) complex. After
adsorption, the formation of the C-C bond (A3) by migratory insertion between the αcarbon of propene and the α-carbon of the Ni-propyl complex occurs while the β-carbon
of the C6 species forms a new Ni-alkyl bond in a concerted fashion, leaving an
!
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L3NiAlkyl(6) species (A4). The geometry of the carbon-carbon bond formation transition
state is shown in Figure 3.6 (left). After adsorption of a second propene molecule (A5),
the β-hydride elimination to form the C6 alkene and reform a C3 alkyl proceeds rapidly.
Due to a very shallow free energy surface leading away from state A5, there are a number
of similar, kinetically-irrelevant elimination steps, leading to either 1- or 2-hexene and
either 1- or 2-propyl, which also provides a way for the conversion between the two
resting states. The formation of trans-2-hexene and formation of the 1-propyl resting
stateoccur via states A6, A7, and A8/A1 shown in Figure 3.4. The β-hydride elimination
step (A6) to form trans-2-hexene (A7) is nearly barrierless, and desorption of trans-2hexene to reform the catalyst resting state (A8/A1) is spontaneous. Due to the nearlybarrierless β-hydride elimination step and weak binding of alkenes to the L3Ni-propyl
resting state, desorption of C6 is highly favored over further oligomerization.
Figure 3.4. Proposed catalytic mechanism of propene oligomerization mechanism A to
form the linear product trans-2-hexene in propene-activated Ni-Na-X. Reaction
intermediate labels (A1-A8) refer to those in Table 3.4. Reactions B-D are qualitatively
similar but lead to singly-branched and di-branched C6 products.
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Figure 3.5. Enthalpy (453 K) and Gibbs free energy (453 K) diagram [kcal mol-1] of
propene oligomerization mechanism A to form the linear product trans-2-hexene in
propene-activated Ni-Na-X. Reaction intermediate labels (A1-A8) refer to those in Table
3.4. The diagrams describing reaction mechanisms B-D are qualitatively similar.
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Figure 3.6. Images of C-C bond formation (A3) and β-hydride elimination (A6)
transition states for propene oligomerization mechanism A to form the linear product
trans-2-hexene. Ni2+ cation is represented by a large blue sphere, active hydrocarbon
species are shown in ball and stick (carbon = green, hydrogen = white), and inactive
propene ligands are shown in stick.

Propene oligomerization mechanisms B-D, summarized in Table 3.4, are
qualitatively similar, differing from mechanism A only in the carbon-carbon bond and βhydride elimination steps. The mechanism of propene oligomerization leading to the
formation of 2-methyl-1-pentene is referred to as mechanism B, and the enthalpy and
Gibbs free energy corresponding to the reaction intermediates are given in Table 3.4.
After adsorption of propene (B2), the formation of the C-C bond (B3) between the βcarbon of propene and the α-carbon of the Ni-propyl complex occurs while the α -carbon
of the C6 species forms a new Ni-alkyl bond in a concerted fashion, leaving an
L3NiAlkyl(6) species (B4) with a single branch. After adsorption of the second propene
molecule (B5), the β-hydride elimination step (B6) to form 2-methyl-1-pentene (B7) is
again nearly barrierless, and desorption of 2-methyl-1-pentene to reform the catalyst
resting state (B8/B1) is spontaneous.
The mechanism of propene oligomerization leading to the formation of 4-methyl2-pentene is referred to as mechanism C, and the enthalpy and Gibbs free energy
corresponding to the reaction intermediates are given in Table 3.4. After adsorption of
propene (C2), the formation of the C-C bond (C3) between the α-carbon of propene and
the β-carbon of the Ni-propyl complex occurs while the β-carbon of the C6 species forms
a new Ni-alkyl bond in a concerted fashion, leaving an L3NiAlkyl(6) species (C4) with a
single branch. After adsorption of the second propene molecule (C5), the β-hydride
elimination step (C6) to form 4-methyl-2-pentene (C7) proceeds rapidly, and desorption
of 4-methyl-2-pentene to reform the catalyst resting state (C8/C1) is spontaneous.
!
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Table 3.4. Calculated enthalpy (453 K) and Gibbs free energy (453 K) [kcal mol-1] of
four proposed catalytic cycles for the oligomerization of propene by Ni-Na-X.
Mechanism A leads to a linear C6 isomer, trans-2-hexene. Mechanisms B and C lead to
singly-branched C6 isomers 2-methyl-1-pentene and 4-methyl-2-pentene, respectively.
Mechanism D leads to a double-branched C6 isomer 2,3-dimethylbutene.
!!!
1
2
3
4
5
6
7
8

1
2
3
4
5
6
7
8

L3NiAlkyl(3) + 2C3(g)
L4NiAlkyl(3) + C3(g)
C-C Bond TS
L3NiAlkyl(6) + C3(g)
L4NiAlkyl(6)
β-Hydride Elim. TS
L3NiAlkyl(3)+C6(ads)
L3NiAlkyl(3)+C6(g)

L3NiAlkyl(3) + 2C3(g)
L4NiAlkyl(3) + C3(g)
C-C Bond TS
L3NiAlkyl(6) + C3(g)
L4NiAlkyl(6)
β-Hydride Elim. TS
L3NiAlkyl(3)+C6(ads)
L3NiAlkyl(3)+C6(g)

A
ΔH

A
ΔG

B
ΔH

B
ΔG

0.0
-3.2
9.3
-25.6
-28.5
-27.1
-29.7
-20.2

0.0
14.1
27.6
-8.7
4.0
5.6
5.1
-1.5

0.0
-2.9
12.6
-20.5
-20.7
-18.4
-23.6
-22.1

0.0
14.5
28.5
-3.7
11.8
14.2
8.2
-3.1

C
ΔH

C
ΔG

D
ΔH

D
ΔG

0.0
-3.7
13.7
-26.8
-27.8
-20.5
-26.1
-25.1

0.0
10.6
28.5
-9.7
7.2
15.0
8.1
-6.5

0.0
-3.2
12.5
-25.6
-28.5
-21.0
-26.7
-24.6

0.0
14.1
29.3
-8.7
4.0
11.6
5.1
-5.3

The mechanism of propene oligomerization leading to the formation of 2,3dimethylbutene is referred to as mechanism D, and the enthalpy and Gibbs free energy
corresponding to the reaction intermediates are given in Table 3.4. After adsorption of
propene (D2), the formation of the C-C bond (D3) between the β-carbon of propene and
the β-carbon of the Ni-propyl complex occurs while the α -carbon of the C6 species forms
a new Ni-alkyl bond in a concerted fashion, leaving an L3NiAlkyl(6) species (D4) with a
doubly-branched carbon center. After adsorption of the second propene molecule (D5),
the β-hydride elimination step (D6) to form 2,3-dimethylbutene (D7) proceeds rapidly,
and desorption of 2,3-dimethylbutene to reform the catalyst resting state (D8/D1) is
spontaneous.
The proposed catalytic mechanisms are consistent with several experimental
observations. Analysis of the free energy diagram shown in Figure 3.5 along with the
!
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values for mechanisms A-D given in Table 3.4 was performed in order to determine the
apparent activation energy and apparent propene reaction order. We identify the ratedetermining step to be the highest lying transition state on the free energy surface, and the
resting state of the catalyst to be the lowest lying minimum point on the free energy
surface preceding the rate-determining step. The C-C bond formation step (3),
corresponding to the highest lying transition state on the free energy surface in
mechanisms A-D, is the rate-determining step of propene oligomerization by Ni-Na-X.
The L3NiAlkyl(3) complex (1), the most-stable intermediate preceding the ratedetermining step on the free energy diagram, is the resting state of the catalyst. Under
the assumption that the adsorption of propene in step (2) is reversible, the apparent
reaction rate of propene consumption is first-order in propene, consistent with the
propene apparent reaction order observed in experiment. The apparent activation of
propene oligomerization, taken as the difference in enthalpy between states A3 and A1,
was calculated to be +9.3 kcal mol-1, which is comparable to the experimentally
measured apparent activation energy, 10.8 kcal mol-1 (45 kJ mol-1).13 The agreement in
reaction order and activation energy determined from the proposed mechanism for
propene oligomerization suggests that the Ni-alkyl complex is a plausible active site for
propene oligomerization in Ni-Na-X.
The combined rates of linear, single-branched, and double-branched oligomer
formation were used to predict the carbon branching selectivity of Ni-Na-X
oligomerization at 453 K, shown in Table 3.5. The product distribution correctly predicts
the ordering in carbon-branching selectivity, SLinear > SSingle > SDouble, and is in good
quantitative agreement with the experimental observed carbon-branching selectivity. The
C-C bond formation transition states of mechanism D involve the bulkier Ni-2-propyl
species adding to the β-carbon of propene, which is sterically hindered by Na+ cations
present in the Na-X supercage and is slightly disfavored compared to linear and singlybranched mechanisms. The predicted turnover frequency, corresponding to rate of C3
consumption by Ni-Na-X in mechanism A, at 453 K and 1.25 bar propene pressure is
2055 hr-1, an overestimation of two orders of magnitude compared with the
experimentally measured turnover frequency of 35 hr-1.13 The good agreement between
measured and predicted apparent activation energy and branching selectivity suggests
that the activation free energy is systematically underestimated in mechanisms A-D; the
error in the calculated rate constant corresponds to an error in the apparent activation
Gibbs free energy of 3.7 kcal mol-1 at 453 K. This error can be rationalized by noting that
the apparent enthalpy of activation is underestimated by 1.5 kcal/mol, which would imply
that the apparent entropy of activation is underestimated by 4.9 cal/mol K.
Table 3.5. Observed and predicted product branching selectivity within the C6 alkene
fraction at 453 K.

Linear
Singly-Branched
Double-Branched
!

Expt.
52%
43%
5%

Theory
52%
40%
8%
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3.4 Conclusion
The mechanism by which Ni-exchanged Na-X zeolite is activated in propene to
form catalytically active centers for the oligomerization of propene has been investigated
utilizing a hybrid quantum mechanics/molecular mechanics (QM/MM) approach. The
migration of the Ni2+ cations to a catalytically active position is facilitated by propene.
Propene displaces Na+ cations that block access of the Ni2+ to the sodalite windows of
Na-X. Once located in the sodalite window, the Ni2+ is fully ligated by propene before
undergoing extraction into the supercage. The abstraction proceeds via an allyl
intermediate formed from propene, which ligates the Ni2+ cation allowing it to reduce Nizeolite coordination, while the allylic hydrogen abstracted from propene by the zeolite
provides partial charge compensation to allow the cation to migrate into the void space of
the Na-X supercage. The proposed mechanism of Ni activation has a free energy barrier
of +27.2 kcal mol-1 for the formation of a Ni-propyl complex, corresponding to the
difference in free energy between Ni2+ located in the sodalite window (VI) and the
transition state corresponding to Ni-allyl formation (IX). This process is driven by the
enthalpic stabilization of the Ni2+ cation, which can coordinate with propene better than
with the rigid Na-X lattice.
The resting state of the Ni-Na-X catalyst is a propene coordinated Ni-propyl
organometallic complex located in the supercage of Na-X. The rate-limiting step of
propene oligomerization catalyzed by Ni-Na-X is the migratory insertion of propene into
the Ni-propyl complex, which leads to carbon-carbon bond formation. The apparent
activation energy and the predicted carbon-branching selectivity calculated from apparent
free energy barriers agree well with experimental measurements. The calculated turnover
frequency at 453 K is overestimated by two orders of magnitude, suggesting a systematic
underestimation of activation Gibbs free energy less than 4 kcal mol-1. The low barrier
for the β-hydride elimination of Ni-hexyl species and weak binding of alkenes to the
L3Ni-propyl resting state favor the release of dimers to the gas phase over further
oligomerization, and result in a selectivity to dimers of >90% when operated in the
presence of propene at 1 bar and 453 K. It has been shown experimentally that changing
zeolite framework and charge compensating cation can alter the carbon chain-branching
selectivity of Ni-exchanged zeolite catalysts.38 An extension of this study to understand
the role of the zeolite framework in altering product selectivity and the role of cation size
and charge are to be completed in the future.
3.5 Supporting Information
3.5.1 Justification of Lennard-Jones and Charge Parameters
Since large, fully-quantum mechanical cluster model benchmarks for Na-X
system do not currently exist and are currently prohibitively costly to perform, the
experimental heats of adsorption of C1-C7 alkanes, N2, and O2 in Na-X were chosen as
benchmark data for the testing and validating charge and Lennard-Jones parameters used
in the model. The heat of adsorption of each molecule was calculated at cation site III’c.
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The adsorbate and a zeolite cluster encompassing the active cation was described
quantum mechanically. The QM region used to describe site III’c contained a five T-atom
section of the supercage window (12-membered ring), one cation present at the site III’c
sites, and two cations in site I’. The final stoichiometry of the QM region for site III’c
was Na3Al3Si2O6H12 (T5).
The total stoichiometry of the QM/MM model is
Na72Al72Si72O234H108 (T144). The remainder of the zeolite outside the QM region was
described by molecular mechanics with a standard force field of the CHARMM type. A
cluster different than that used for the Ni-Na-X computations was used for the
calculations of alkane adsorption in order to better accommodate adsorption at site III’c,
where longer alkanes prefer to sit in the window between two supercages, since the NiNa-X cluster only contained one supercage.
Calculations of the heat of adsorption in Na-X were performed with three separate
methods, corresponding to data sets 1-3 (DS1-DS3). The calculations in DS1 were
performed with a QM(T5)/MM(T139) cluster using the charge and Lennard-Jones
parameters in Table 3.2. The calculations in DS2 were performed with the identical
QM(T5)/MM(T139) cluster using a set of charge and Lennard-Jones parameters in Table
3.S1. The calculations in DS3 were performed with a QM(T0)/MM(T144) cluster, where
only the gas molecule was present in the QM region and with no zeolite atom or cation
present, and the charge and Lennard-Jones parameters in Table 3.S1. The parameters in
Table 3.S1 are a simple modification of the parameters used in this paper, where Na is
given a formal charge of +1.0 and the resulting charge imbalance is distributed evenly
between Si and Al.
Table 3.S1. Additional Charge and Lennard-Jones parameters incorporating a formal
charge of +1.0 on Na used in supporting information.

Si/Al
O
Na

Q
0.2
-0.35
1.0

ε [kcal mol-1]
0.047
0.018
0.0469

R [Å]
2.2
1.77
1.41

The calculated heats of adsorption for C1-C7 alkanes, N2, and O2 determined with
data sets 1-3 are given in Table 3.S2, together with experimental values. Each adsorption
enthalpy is calculated at the temperature at which the experiment was performed.
Experiments 139, 440, and 541 were performed at 300 K, and experiments 242 and 343 were
performed at 253 K. ΔH/CH2 is the adsorption enthalpy per additional carbon unit [kcal
mol-1 CH2-1], as calculated by linear regression over the alkane data, and is a useful
measure to diagnose any underbinding or overbinding that can accumulate as additional
CH2 units are introduced into the Na-X adsorption sites. RMSD is the root-mean square
deviation calculated between each data set and the “Average Expt.” data, which is an
average over all available experimental enthalpy data for that molecule at a specific
temperature. DS1, the methodology used in the current study, has a low RMSD and a
ΔH/CH2 that agrees well with experimental benchmarks. The DS2 method, while having
a more physically motivated parameter set, results in a larger RMSD due to overbinding
46
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of both alkanes and small gas molecules. The overbinding can also be observed in the
ΔH/CH2, where each additional CH2 unit is overbound by 1.5 kcal mol-1 CH2-1.
Additional calculations performed using different Si/Al charges and varying the O charge
led to similar RMSD and ΔH/CH2. The DS3 method uses the physically motivated
parameter set but removes the QM/MM boundary from the calculation, treating the
zeolite entirely with molecular mechanics. The large RSMD and overestimated ΔH/CH2
are not observed in DS3 as in DS2, and there is good agreement between the predicted
adsorption enthalpies and experimental benchmarks. The Na+ cations located in the MM
region near the boundary of the QM region cause a strong shift in the electron density
away from terminal Si and Al atoms towards the hydrogen link atoms, as observed in the
effective charges assigned by natural bonding orbital analysis. 44 We conclude that
overbinding is a result of over-polarization of the zeolite fragment present in the QM
region by Na+ cations located at the QM/MM boundary. This results in a lower electron
density near the Na+ cations in the QM region and un-physically strong binding energy
between the Na+ cation and adsorbate. Further understanding of this error would require
analysis of the electrostatic embedding terms present in the 1-electron QM Hamiltonian
and would result in serious modifications to the QM/MM methodology to alleviate the
over-polarization. As a result, the DS1 method was used in the current work.
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N2
O2

CH4
C2 H 6
C3 H 8
C4H10
C5H12
C6H14
C7H16
ΔH/CH2
RMSD
-5.7
-3.7

-4.9
-6.3
-7.6
-9.4
-11.5
-12.5
-14.1
-1.57
0.63

DS1

-7.2
-5.1

-7.8
-10.4
-15.2
-17.2
-20.2
-23.5
-26.5
-3.12
7.73

DS2

---

-4.6
-5.9
-8.1
-10.2
-13
-13.9
-15.1
-1.87
1.38

DS3

-4.8
-3.6

-4.6
-6.5
------1.86
--

Expt. 139

---

---7.4
-------

Expt. 242

---

---6.8
-8.6
-10.5
-12.1
-14.7
-1.94
--

Expt. 343

-4.4
-3.3

----------

Expt. 440

-5.1
-3.6

----------

Expt. 541

-4.8
-3.5

Average
Expt.
-4.6
-6.5
-7.1
-8.6
-10.5
-12.1
-14.7
-1.60
--

Table 3.S2. Comparison between the calculated enthalpy of adsorption (ΔH) and experiment for a series of alkanes (C1-C7), N2, and
O2 [kcal mol-1]. Data set one (DS1) was performed by a QM(T5)/MM calculation with parameters given in Table 3.2. DS2 was
performed by a QM(T5)/MM calculation with parameters given in Table 3.S1. DS3 was performed by QM(T0)/MM calculation, i.e.
only gas molecule in the QM region with the zeolite entirely MM, with the parameters given in Table 3.S1. Each adsorption enthalpy
is calculated at the temperature at which the experiment was performed. Experiments 1, 4, and 5 were performed at 300 K, and
experiments 2 and 3 were performed at 253 K. ΔH/CH2 is the adsorption enthalpy per additional carbon unit [kcal mol-1 CH2-1], as
calculated by linear regression over the alkane data. RMSD is the root-mean square deviation calculated between each data set and
the “Average Expt.” data.
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Chapter 4
Reaction Dynamics of Zeolite-Catalyzed Alkene Methylation by Methanol
Abstract
A hybrid quantum mechanics/molecular mechanics (QM/MM) model and the
quasiclassical trajectory (QCT) method have been combined to study the reaction of
alkene methylation by methanol catalyzed by the zeolite H-MFI. The rate-limiting step
of this reaction is the methylation of the alkene, and the apparent activation energy
calculated at the ωB97X-D/6-31G(d,p)//ωB97X-D/6-311++G(3df,3pd) level of theory for
this step agrees well with experiment and previous full QM studies. Following the ethene
methylation transition state toward the products along the intrinsic reaction coordinate
reveals the existence of a protonated cyclopropane (PCP+) carbocation intermediate. A
similar protonated methyl-cyclopropane (mPCP+) carbocation intermediate is found for
propene methylation. The intermediates produced during the alkene methylation reaction
are meta-stable with a lifetime of O(1 ps) obtained from QCTs. Due to the short lifetime
of these intermediates, the available energy in the carbocation is not in thermal
equilibrium distribution with the zeolite lattice before subsequent reaction occurs. The
qualitative difference between product distributions obtained by static and dynamic
reaction pathways suggests the pathways of zeolite catalyzed reactions proceed through
high-temperature pathways that differ from the 0 K potential energy surface. The
transformation of the m-PCP+ intermediate to the longer-lived secondary 2-butyl
carbocation observed during QCTs suggests that more-stable carbocations can properly
thermalize and exist as reaction intermediates for longer than 1 ps.
4.1 Introduction
Proton-exchange zeolites are solid acid catalysts that are used in a large number
of processes, such as hydrocarbon cracking, isomerization, and alkylation. 1,2,3 The
conversion of hydrocarbons by zeolites is of great industrial relevance, yet the detailed
mechanisms by which these transformations occur are not all fully understood. An
important example is the conversion of methanol to hydrocarbons (MTH) catalyzed by
H-MFI, which was first discovered and commercially implemented by Mobil Oil in
1986. 4 Subsequently developed processes include the Topsøe integrated gasoline
synthesis (TIGAS) process,5 the Lurgi methanol to propene (MTP) process,6 and the
Norsk Hydro/UOP methanol to olefins (MTO) process.7
Much of the initial research on the MTH process focused on how the first C-C
bond formed, given two or more methanol molecules reacting to form initial alkenes and
water8. One scheme proposed by Dahl and Kolboe,9,10 the hydrocarbon pool mechanism,
assumes that light olefins are formed via repeated methylation and subsequent
dealkylation reactions of aromatic reaction centers acting as organic co-catalysts within
the pores of the zeolite. More recent studies have shown that methanol carbons atoms are
readily incorporated into the C3+ olefin products in a scheme parallel to the hydrocarbon
pool mechanism through the repeated methylation/cracking of olefin intermediates11,12.
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Thus, alkene methylation is a key reaction in the conversion of methanol to hydrocarbons
over the H-MFI catalyst.
Two mechanisms have been proposed for alkene methylation. The first is the
concerted mechanism. In this case, methanol adsorbs molecularly at a Brønsted acid site
and then reacts with adsorbed alkene to produce the next higher alkene and water. The
alternative is the stepwise mechanism. The first step in this scheme is the same as that for
the concerted mechanism; however, in this case, the adsorbed methanol next undergoes
reaction to form methoxy species and water. Methylation occurs by reaction of the
methoxy species with adsorbed alkene to form the next highest alkene. Distinguishing
between these mechanisms experimentally is difficult because the observed kinetics –
zero order in methanol and first order in alkene – can be rationalized using either
mechanism. A recent review on the mechanistic aspects of alkene methylation concluded
that the concerted mechanism should be the dominant mechanism, however there is a
higher temperature at which the step-wise mechanism should dominate due to the entropy
gain associated with the release of water to the gas phase prior to methylation.13 An
attempt to identify the relative importance of the concerted and stepwise mechanisms for
methanol alkylation of ethene, propene, and iso-butene over H-ZSM-22 (TON) has been
reported in a study that combined DFT analysis of the two reaction pathways with a
microkinetic simulation of the reaction kinetics.14 The authors conclude that below 350
K, the concerted pathway prevails but at temperatures above 600 K and pressures below
1 bar, the stepwise mechanism becomes dominant, and at pressures approaching 20 bar,
both pathways become competitive.
A notable point is that all previous theoretical analyses of alkene methylation
have focused on determining the transition states (TSs) for C-C bond formation by
methanol-olefin coupling and the associated activation energy.15,16,17,18,19 The implicit
assumption in these studies is that each TS leads to a unique reactant/product pair, i.e.,
those to which the TS leads to via the intrinsic reaction coordinate. What this approach
neglects is the possibility that multiple product channels might form from a given
transition state, that identical products might be formed from multiple unique transition
states, as well as the possibility of any meta-stable intermediates between the reactants
and products. A recent exception is the work of Zimmerman et al. demonstrating the use
of quasi-classical trajectories to investigate the unimolecular cracking of n-pentane in HMFI.20 The determination of the final product distribution by quasi-classical trajectories
initiated at the rate-determining transition state improved the estimate of alkane cracking
product selectivity compared with experimental observations by an order of magnitude
relative to the estimate made by calculating rates of reaction leading from the metastable
intermediate using conventional static reaction pathways. Svelle and co-workers,15 as
well as Waroquier and co-workers,17 have reported the existence of a carbocation
intermediate directly following the rate-limiting step of alkene methylation but give no
information on the reaction pathways leading from these intermediates to the final
product of alkene and water. Motivated by these reports, we have investigated the
applicability of trajectory simulations to provide information on the reaction pathways of
higher alkene formation and the lifetimes of various intermediates that can be formed in
alkene methylation.
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Quasi-classical trajectories (QCT) are a useful and computationally tractable tool
for studying complex reaction pathways through molecular dynamics simulations.
Quasiclassical sampling puts vibrational energy into each normal mode when setting up
the initial nuclear velocities. The initial conditions are chosen such that the occupation
numbers of the vibrational state for each mode follow a Boltzmann distribution for
quantum harmonic oscillators at the simulation temperature. The rest of the trajectory is
then governed by classical mechanics. QCT simulations initiated at a TS will sample
realistic pathways towards the products, and can therefore give the product distribution
leading from a particular TS. The effectiveness of QCT’s is well-known from
applications in reactive scattering21,22,23,24 and from several successful applications to
molecular dynamics simulations.25,26,27 Here, advantages over purely classical simulation
techniques stem from the fact that QCT initial conditions match real chemical systems
more closely by including some effects of quantum mechanical nuclear motion. This is
particularly important for systems where zero point energies are large, such as when C-H
bonds are vital to the reactivity.
In this study, we utilize the combination of QCT and QM/MM to sample the
reaction pathways leading away from the rate-limiting transition states of ethene and
propene methylation. The reaction intermediates and transition states observed from
QCT were also located on the potential energy surface to develop a complete description
of the reaction pathways of alkene methylation by methanol that includes carbocation
intermediates. The QCTs are used to determine the lifetime of the metastable carbocation
intermediate formed post rate-limiting step and to calculate a product distribution
associated with each transition state. The qualitative difference between product
distributions obtained from static (Gibbs free energy 623 K) and dynamic (QCT 623 K)
reaction pathways suggests that zeolite-catalyzed reactions proceed via high-temperature
pathways that differ from those predicted from 0 K potential energy surface. The
transformation of these intermediates to the longer-lived secondary carbocations suggests
that more-stable carbocations can properly thermalize and exist as the selectivitydetermining intermediates of the alkene methylation reaction.
4.2 Methods
4.2.1

Quantum Mechanics/Molecular Mechanics

The zeolite H-MFI was represented by a cluster model containing 464 tetrahedral
(T-) centers (Figure 4.1). The crystallographic structure of MFI was used to determine
the positions of all atoms in the zeolite cluster model. The charges on the atoms located
at the cluster surface were scaled such that the cluster had net zero charge.28 The lattice
atoms away from the active region were frozen at their crystallographic positions. To
produce an acidic site, a Si atom in the cluster was isomorphically substituted by an Al
atom, and the resulting charge imbalance was compensated by a proton. The Brønstedacid site was modeled using a QM region of 5 tetrahedral atoms and the balance of the
cluster modeled by molecular mechanics. The MFI unit cell has 12 unique T-atom
positions that can be substituted to produce an acid site. While the distribution of Al in
MFI is unknown and depends on the conditions of zeolite synthesis, there is some
!

54

evidence that the T12 position is favored.29,30 For this reason, we consider the Al to be in
the T12 site and found the proton to be most stable in the Al12-O20(H)-Si3 position.
Figure 4.1. Model of H-MFI containing 467 tetrahedral (T-) atoms used in this work.

Dynamics simulations were carried out using the B97-D density functional31
paired with the 6-31G* basis set. For the portion of the zeolite represented by MM, the
charges and Lennard-Jones parameters for Si and O chosen were taken from our previous
work28 in which these parameters had been selected to achieve close agreement with allQM and experimental values of heats of molecular adsorption and activation energies.
The MM charge parameters were 0.7e and -0.35e for Si and O framework atoms,
respectively. The Lennard-Jones parameters were εSi = 0.2 kcal/mol, εO = 0.075 kcal/mol,
RSi = 2.2 Å and RO = 1.77 Å for the framework atoms. Lennard-Jones parameters for
hydrocarbons were taken from CHARMM.32 Although optimized geometries from the
B97-D/6-31G* level of theory were used to minimize computational effort in the
dynamics simulations, additional optimizations were performed using ωB97X-D
functional33 and the 6-31G** basis with single point calculations done by dual-basis
extrapolation34 to the ωB97X-D/6-311++G(3df,3pd) level of theory to obtain the final
energy describing the reaction pathways. 35 All transition state geometries were
determined by optimization of the highest lying point along the Freezing String pathway
connecting reactant and product. 36 Frequency computations were performed on all
intermediates to ensure that geometries corresponded to local minima (i.e. zero negative
eigenvalues) or transition states (one negative eigenvalue). Reported energies for the
methylation TS’s were zero-point corrected and further converted to enthalpies and free
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energies at 623 K using the Grimme’s modified rigid rotor-harmonic oscillator
approximation.37
4.2.2

Reaction Path Simulations

Three types of reaction path simulations are compared: the minimum energy
pathway (MEP) obtained from IRC steepest descent simulations, a dynamic reaction
coordinate (DRC) (corresponding to a single trajectory launched along the IRC), and
QCT. The minimum energy pathway (MEP) leading from the methylation transition
states was determined by following steepest-descent path in mass-weighted Cartesian
coordinates using a predictor-corrector algorithm by Schmidt, Gordon, and Dupuis.38 In
all MEP calculations, the reaction pathway was terminated once the norm of the gradient
at the reaction path endpoint reached a threshold of 10-3 Ha bohr-1. The pathway was
terminated because the search direction became ill defined as the gradient converged,
leading to divergence from the true reaction pathway. The resulting geometries at the
end points of the MEP were geometry optimized. To produce the final reaction pathway,
a Growing String39 calculation was initiated between the optimized minimum and the true
saddle point. This reaction pathway was optimized until the sum of the magnitude of
perpendicular forces on all nodes is less than 0.1 Ha Å-1. All simulations were performed
utilizing a development version of the Q-Chem 3.2 software package.40
4.2.3

Molecular Dynamics

Direct dynamic simulations, in which the energy and force are computed via ab
initio theory at each time step, were carried out in order to sample reaction pathways
followed after the rate-determing step. QCT trajectories were initiated by sampling the
excitation levels of each vibrational mode at the TS geometry. The energy from these
vibrations was placed into the kinetic energy of each normal mode, and these vibrations
were converted to Cartesian velocities to start the trajectory. To this end, we employed a
modification of the QCT implementation of Lambrecht et al.27 in a development version
of the Q-Chem program package.40 We modified the code so that the transition state
mode was populated in a specified direction (i.e., forward or reverse) along with the
remaining vibrational modes. The QCT approach assures that the initial nuclear
velocities are selected so as to represent the quantum effects of nuclear motion and, most
importantly, that each mode contains at least zero-point energy. Each trajectory is
integrated for a total of 1.3 ps with a time step of 0.5 fs.
The DRC is a dynamic reaction path corresponding to a trajectory which is
initiated in the forward direction while all orthogonal modes are initiated at zero
velocity.41 DRC provides the minimum description of system dynamics starting at the TS
while excluding the influence of nuclear motion in the vibrational modes orthogonal to
the TS. The DRC is a trajectory that can be considered as an intermediate situation
between IRC and QCT, where some but not all effects of dynamics are taken into
account.
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At termination after 1.3 ps, the QCT trajectories were further analyzed to give
information about the product distribution of each reaction and on the lifetime of
metastable intermediates formed after the rate-limiting transition state of methylation.
The products of the methylation reaction were sorted into five categories: carbocation and
water, alkene and water, alkoxide and water, oxonium ions (protonated alcohol), and
cyclic alkane and water. Trajectories which remained as carbocation intermediates were
considered unreactive. The time at which a trajectory becomes reactive was determined
by following the formation of chemically relevant C-O and O-H bonds while noting the
time step where the bond length is at or below a certain threshold (rCO=1.6 Å and rOH=1.1
Å). The ratio of unreactive trajectories to total trajectories was calculated at each time
step and used to determine the survival probability of the metastable intermediate formed
after the rate-limiting transition state. To obtain the lifetime of the intermediate, the rate
constant was obtained by modeling the survival probability as a first-order decay process.
The fit was done over all times where the decomposition rate was greater than 0.01 fs-1.
4.3 Results and Discussion
4.3.1

Choice of Reaction Mechanism

As noted in the Introduction, methanol alkylation of alkenes can occur via two
mechanisms – concerted and stepwise. Analysis of the Gibbs free energies for these two
pathways (see Section 5.4.3) reveals that at 1 bar and 623 K, the apparent Gibbs free
energies of activation for the two pathways are virtually the same but the apparent Gibbs
free energy for the concerted pathway becomes lower with increasing pressure. Thus, for
conditions typical of those used in industry for the MTH process (623 K and 20 bar),
reaction via the concerted pathway is 25 fold higher than via the stepwise pathway.13 For
this reason, we have limited our subsequent discussion to an analysis of the enthalpy and
Gibbs free energy changes occurring along the pathway for the concerted mechanism.
4.3.2

Ethene Methylation Minimum Energy Pathway

Figure 4.2. Depiction of alkene methylation by methanol in H-MFI (R=H ethene and
R=CH3 propene). (A) Co-adsorption of methanol and alkene, (B) Alkene methylation
transition state, and (C) Meta-stable intermediate formed after methylation.
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The minimum energy structure for methanol at the T12 site in H-MFI is
adsorption end-on over the acid site located in the 10-membered ring of the sinusoidal
channel leading into the intersection of H-MFI, forming a strong hydrogen bond
interaction between the acidic proton and the methanol oxygen. Further stabilization of
the adsorption complex is provided by an additional hydrogen bond between the hydroxyl
proton and a zeolitic oxygen atom. The heat of adsorption of methanol over H-MFI at
623 K is calculated to be 28.1 kcal mol-1, in good agreement with the experimental heat
of adsorption determined by microcalorimetry (–27.5 ± 1 kcal mol-1 at 400 K).42 The free
energy of methanol adsorption is favorable compared with the gas phase (-4.1 kcal mol-1,
Figure 4.3B). This state is predicted to be the lowest lying point on the free energy
surface, making it the resting state of the catalyst under methylation operating conditions.
The minimum energy structure for co-adsorption of methanol and ethene in H-MFI is
depicted in Figure 4.2A. The heat of co-adsorption relative to the gas phase is -33.6 kcal
mol-1. Methanol remains in the 10-membered ring end-on over the acid site, while ethene
is physisorbed in the intersection of the straight and sinusoidal channels. The strong
preferential adsorption of methanol over the active site prevents ethene from interacting
with the acidic proton, resulting in the weak physisorption of ethene to the wall of the
zeolite surrounding the channel intersection.
The structure of the transition state for the methylation of ethene by methanol is
shown in Figure 4.2B. The acidic proton of the zeolite attacks methanol to produce a
molecule of water. The transition state is Sn2 in nature, with the methyl cation that is
produced upon methanol protonation undergoing an umbrella-like inversion. The methyl
cation is located between the water and the double bond of ethene to produce a
carbocation complex in the zeolite intersection. The formation of this complex is the
rate-limiting step in ethene methylation and has an intrinsic activation enthalpy of +31.2
kcal mol-1. The apparent heat of activation can be compared with published experimental
studies of methylation of alkenes in H-MFI at 623 K. Experimental studies of the
methylation of ethene by methanol show that, under reaction conditions with a high
methanol/ethene molar ratio, the reaction is first order in ethene and zero order in
methanol43. This suggests the adsorbed methanol complex is the resting state of the
catalyst under operating conditions, in agreement with the calculated free energy surface
at 623K. The apparent heat of activation measured experimentally is the difference in
enthalpy between the methylation TS and the methanol-zeolite complex, as depicted in
Figure 4.1. The calculated apparent heat of activation is +25.7 kcal mol-1 (Figure 4.3A),
in good agreement with the experimental value of 24.9 kcal mol-1 (104 kJ mol-1)
measured by Svelle et. al43 and slightly higher than the experimental value of 22.5 kcal
mol-1 (94 kJ mol-1) measured by Hill et. al. for the methylation of ethene by dimethyl
ether under similar operating conditions.44 Previous theoretical studies of the methylation
of ethene by methanol in H-MFI have identified a nearly-identical transition state as the
rate-determining step. Our calculated apparent activation energy is in good agreement
with calculations done with a periodic boundary condition PBE:MP2 method (24.9 kcal
mol-1)16 and slightly higher compared with calculations done with a mechanical
embedding QM/MM method at the wB97X-D/6-31+G(d,p) level of theory (21.7 kcal
mol-1).19
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Figure 4.3. Enthalpy (623 K) (A) and Gibbs free Energy (623 K) (B) diagram for ethene
methylation to form propene calculated at the ωB97X-D/6-31G(d,p)//ωB97X-D/6311++G(3df,3pd) level of theory.

The reaction pathway based on the intrinsic reaction coordinate was determined in
order to locate the minimum to which the methylation transition state connects. The
reaction coordinate profile of ethene methylation is shown in Figure 4.4A. Following the
reaction coordinate backwards, we obtain the co-adsorbed methanol-ethene complex
described previously. Following the reaction coordinate forwards, however, leads to the
formation of a cyclic carbocation, protonated cyclopropane (PCP+) rather than the
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intended product, propene and water. The potential energy surface leading away from
the transition state along the intrinsic reaction coordinate has a sharp drop in energy due
to the formation of the partial C-C bonds that stabilize the methyl cation. As the initial
formation of the carbocation complex occurs (around s = 2 amu-1/2 Å of Fig. 3A), the
molecule reaches a flat shoulder in the potential energy surface, corresponding to the
translation and rotation of this carbocation. Significant additional stability of the
carbocation is gained through hydrogen bonding interactions with the zeolite lattice as the
molecule relaxes to the most stable configuration at s = 5. The molecule of water formed
during reaction acts to prevent the chemisorption of the carbocation to the deprotonated
acid site by stabilizing the deprotonated site and lowering its proton affinity, as well as
physically blocking the site.
Figure 4.4. Intrinsic Reaction Coordinate diagrams for ethene methylation (A) and
propene methylation (B).

The relatively flat potential energy surface in the vicinity of the PCP+
intermediate allows the intermediate to rotate, translate, and react to form various
reaction intermediates with relatively little energetic cost. The rotation of the PCP+
intermediate to a less-favorably oriented PCProt+ structure has a free-energy barrier of 10
kcal mol-1. In the PCProt+ structure, the methyl group of the PCP+ complex rotates 60°
away from water molecule (Figure 4.2C) toward the entrance to the sinusoidal channel.
During this transformation, the PCP+ complex transforms from corner-protonated to
bond-protonated. Rotation of the PCP+ structure to PCProt+ allows reaction to occur
between basic oxygen atoms in the water molecule and deprotonated acid site and the
unsaturated carbon atoms in the PCP+ complex to form other intermediates. The
abstraction of a proton by water from a methylene carbon of PCProt+ leads directly to the
expected products, propene and water. The ring opening of PCP+ occurs before the
transition state is reached, and the free energy of activation is small: ΔG‡<2 kcal mol-1
(Figure 4.3B). The isomerization of PCP+ to the more stable 2-propyl carbocation
proceeds thru a concerted ring-opening hydride shift, with a higher intrinsic free energy
of activation of ΔG‡ = 13 kcal mol-1. The abstraction of a proton from the 2-propyl
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carbocation by water to form propene proceeds through a higher barrier (ΔG‡ = 18 kcal
mol-1) due to the stability of the 2-propyl cation.
The various reaction pathways for PCP+ decomposition to form other C3 products
are listed in Supporting Information, Table 4.S2. Proton abstraction from the methyl
group of the PCP+ intermediate (ΔG‡ = 7.5 kcal mol-1) leads to the formation of
cyclopropane and water. The ring-opening reaction of the PCP+ intermediate directly
over a basic oxygen of the deprotonated zeolite site (ΔG‡ = 10.6 kcal mol-1) forms a
primary propoxide. This transformation is slightly exothermic, however, the formation of
a σ-bond between C3+ and the zeolite results in the loss of entropy relative to the
carbocation and destabilizes the alkoxide intermediate relative to the other products. The
formation of an oxonium H2O-C3+ (protonated alcohol) complex is highly exothermic,
and proceeds by the attack of the basic oxygen of water on a methylene carbon of PCP+.
The PCProt+ intermediate must rotate another 60° during the oxonium reaction, and the
configuration of the PCP+ intermediate at the transition state is unfavorable compared
with transition state for alkoxide formation. This leads to a higher free energy of
activation (ΔG‡ = +13.8 kcal mol-1). These products are not observed in the gas phase
due to the rapid isomerization that occurs through the PCP+ intermediate. The product
distribution predicted in the gas phase via this static reaction pathway is
propene:cyclopropane:propanol = 104:10:1.
4.3.3

Propene Methylation Minimum Energy Pathway

The structure of the transition state for the methylation of propene by methanol is
shown in Figure 4.2B, where R=CH3. The transition state is also Sn2 in nature, but the
transition state geometry is asymmetric with the methyl cation favoring the leastsubstitituted methylene carbon. The methyl cation is located between the water and the
double bond of propene to produce a carbocation complex in the zeolite intersection. The
formation of this complex is the rate-limiting step of propene methylation and has an
intrinsic activation enthalpy of 28.9 kcal mol-1 (Figure 4.5A). Following the reaction
coordinate forwards from the propene methylation transition state leads to the formation
of an initial configuration of the cyclic carbocation, protonated methyl-cyclopropane (mPCP+) (Figure 4.3B, s = 2 amu-1/2 Å). The potential energy surface leading away from
the transition state along the IRC again has a sharp drop in energy due to the formation of
the partial C-C bonds that stabilize the methyl cation. A large portion of the intrinsic
reaction coordinate (s = 1.5 to 6.5 amu-1/2 Å) is flat, and corresponds to the rotation of the
m-PCP+ complex about an axis perpendicular to the plane formed by the three-membered
ring. After rotation, the methyl group shifts from edge to bond protonated and hydrogen
bonds with the newly formed molecule of water to reach the most stable configuration.
The potential energy surface in the vicinity of the m-PCP+ intermediate is flat
with respect to translational and rotational degrees of freedom, similar to that of the PCP+
intermediate in ethene methylation. The isomerization to the more stable 2-butyl
carbocation can occur without a hydride shift, and the free energy of activation is similar
to other rotation barriers: ~4 kcal mol-1. A variety of C4+ intermediates exist, similar to
those described for the PCP+ intermediate.
The primary product observed
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experimentally, trans-2-butene and water, is formed by the abstraction of a proton (ΔG‡ =
9.7 kcal mol-1) from the 2-butyl carbocation by water (Figure 4.5B).
Figure 4.5. Enthalpy (623 K) (A) and Gibbs free energy (B) (623 K) diagram for
propene methylation to form trans-2-butene calculated at the ωB97X-D/631G(d,p)//ωB97X-D/6-311++G(3df,3pd) level of theory.

4.3.4

Ethene Methylation Quasiclassical Trajectories

Molecular dynamics simulations of the system as it evolves from the transition
state towards the products were performed using DRC initial conditions. The DRC
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trajectory initiated at the ethene methylation transition state leads to the protonated
cyclopropane intermediate. The DRC trajectory is integrated for a total of 2 ps, during
which the PCP+ intermediate persists through the entire trajectory. Figure 4.6A shows
the evolution of the three C-C bonds formed in the PCP+ complex. The PCP+
intermediate is formed in approximately 50 fs, equivalent to one-half the period of
reaction coordinate mode (-435i cm-1, 61 fs). During the entire trajectory, the carbon
atom with which the methyl cation is most closely associated changes several times. No
rotation or translation of the PCP+ intermediate is observed. The large amplitude
vibrational modes of the PCP+ complex correspond to symmetric and asymmetric rocking
of the methyl cation relative to ethene. This can be observed in the DRC trajectory
shown in Figure 4.6A, which shows that the change in the bond lengths Cm-C1 and Cm-C2
(Figure 4.2) appear in and out of phase, respectively. The end of the DRC trajectory
cannot determine the final product leading from the transition state. The absence of any
reaction during the DRC leads to the inference that the population of vibrational modes
orthogonal to the methylation reaction coordinate are important in the conversion of this
meta-stable intermediate into the final products.
In contrast to the DRC trajectory, QCTs typically show formation of final
products within 1 ps. One such trajectory, which ultimately leads to propene and water,
is shown in Figure 4.6B. The intermediate dissipates energy through translation and
rotation, as well as vibration. The PCP+ intermediate isomerizes to the more stable 2propyl cation within 250 fs. Activation of the C1-C2 bond promotes the hydride shift
necessary to complete this transformation. The 2-propyl carbocation persists for an
additional 650 fs, until a proton is abstracted from a methyl carbon by the water molecule
to reform the active site and produce propene and water.
Figure 4.6. C-C bond distances obtained from the dynamic reaction coordinate trajectory
(A) and a quasi-classical trajectory (B) launched at the ethene methylation transition
state. Atomic labels in key refer to those in Figure 4.2.

The product distribution from 166 QCT trajectories initiated at the ethene
methylation transition state is shown in Figure 4.7. No re-crossing is observed from the
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transition state back to the reactants. The PCP+ carbocation formed post-TS can then
undergo elimination (cyclopropane 29/166), nucleophilic substitution (1-propanol
38/166, 1-propoxide 22/166), or isomerization (2-PCC+, 28/166). After isomerization,
the secondary carbocation can undergo elimination (propene, 10/28) or nucleophilic
substitution (2-propanol, 4/28), with the remaining trajectories persisting as carbocations
past 1.3 ps. The product distributions predicted by the 623 K free energy surface and
QCTs assuming no secondary reaction are shown in Table 4.1. The minimum energy
pathways suggest that elimination products (propene and cyclopropane, 70%) are favored
relative to nucleophilic substitution (1-propanol and propoxide, 30%), while the product
distribution observed from QCT predicts qualitatively similar ratios between nucleophilic
substitution (59% of reactive trajectories) and elimination (41%). This evidence suggests
that the dissociation of the PCP+ intermediate proceeds through higher-energy pathways
that differ from the minimum energy pathway.
Table 4.1. Product distribution at 623K associated with PCP intermediate determined by
the potential energy surface and QCT.
Propene
1-Propoxide
Cyclopropane
1-Propanol

∆G(623K)
44.62%
28.03%
25.06%
2.28%

QCT(623K)
9.71%
21.36%
32.04%
36.89%

Figure 4.7. Reaction Pathway Network of PCP+ Decomposition to form C3 products.
Number given in parenthesis are the total fluxes through each reaction pathway
calculated by QCT. Trajectories that form 1-Propoxide are shown by the arrow leading
from PCP+ to Propene. Not shown are trajectories resulting in 2-propanol from 2-PCC+
(4/28).
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The frequency of reaction events observed during ethene methylation QCTs is
shown in Supporting Information, Figure 4.S3A. Very few reaction events occur before
t<200 fs, after which the frequency of reaction events rises to a maximum at 300 fs.
Similar plots showing the frequency of reaction events leading to specific C3 products are
shown in Figures 4.S3B-4.S3E. We observe a similar maximum in reaction events at 300
fs in Figure 4.S4B, corresponding to the production of cyclopropane. The excitation of
C-H stretching modes in the methyl cation during the initialization of some QCTs leads
to the fast dissociation of PCP+ to cyclopropane. From our analysis of the underlying
free energy surface, we know the mode corresponding to C-H dissociation to form
cyclopropane is particularly hard (-1096 cm-1). Other reactions of PCP+ observed during
QCT proceed through a much softer imaginary mode (~-200 cm-1), and the observed
reaction frequencies for these products are relatively constant in time. The formation of
these products occurs when vibrational modes of the PCP+ complex and water/zeolite
lattice become coupled, and the kinetic energy gained when leaving the transition state is
converted into potential energy to overcome these shallow and loose barriers.
The unimolecular decomposition rate of the PCP+ intermediate is
calculated from the QCT trajectories and shown in Table 4.2. The survival probability
and least-squares fit are shown on a semi-log plot in Figure 4.8. There remain 65
unreacted carbocations out 166 total trajectories after 1.3 ps, corresponding to a
ln[Nu/Ntot]=-0.94, where Nu is the number of unreacted trajectories and Ntot is the total
number of trajectories. The first-order rate constant associated with the unimolecular
decay of PCP+ is 0.8853±0.001 ps-1, which gives a half-life of 0.783 ps. Toffset, the time
at which the rate becomes greater than 0.01 fs-1, observed for dissociation of PCP+
intermediate is 162 fs, or on the order of 1.5 C-C oscillations before dissociation occurs.
More than half of all trajectories reach final products after 8 C-C oscillations.
Table 4.2. Unimolecular decomposition rate constants and half-life for PCP and m-PCP
intermediates.

PCP
m-PCP
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k [ps-1]
t1/2 [ps]
0.8853±0.001 0.783
0.8375±0.001 0.827

tonset [ps]
0.162
0.232

65

Figure 4.8. Decomposition rate of PCP+ intermediate. Semilog plot of survival
probabilities of ethene methylation reactive trajectories. Points are original PCP+ lifetime
distribution, while solid line is the least-squares fit (R2 = 0.998).

4.3.5

Propene Methylation Quasiclassical Trajectories

The DRC trajectory initiated at the propene methylation transition state leads to
the protonated methyl-cyclopropane intermediate. The DRC trajectory is integrated for a
total of 2 ps, during which the m-PCP+ intermediate persists through the entire trajectory.
Figure 4.9A shows the evolution of the three C-C bonds formed in the m-PCP+ complex.
The m-PCP+ intermediate is formed in approximately 50 fs, equivalent to one-half the
period of reaction coordinate mode (-483i, 55 fs). As in the transition state, the methyl
cation favors the least-substituted carbon (C1) during the DRC trajectory. No rotation or
translation of the m-PCP+ intermediate is observed. The large amplitude vibrational
modes of the m-PCP+ complex correspond to symmetric and asymmetric rocking of the
methyl cation relative to the double bond of propene can again be observed in Figure
4.9A. The final product leading from the transition state cannot be determined by the end
of the DRC trajectory. The isomerization to the more stable 2-butyl carbocation does not
occur within 2 ps. The absence of any reaction during the DRC leads to the inference
again that the population of vibrational modes orthogonal to the methylation reaction
coordinate are important in the conversion of this meta-stable intermediate into the final
products.
An illustrative propene methylation QCT trajectory, which ultimately leads to
trans-2-butene and water, is shown in Figure 4.9B. The intermediate dissipates energy
through translation and rotation, as well as vibration. The m-PCP+ intermediate
isomerizes to the more stable 2-butyl cation within 500 fs. This isomerization can occur
without activation of the C1-C2 bond. The 2-butyl carbocation persists for an additional
300 fs, until a proton is abstracted from a methylene carbon by the water molecule to
reform the active site and produce trans-2-butene and water.
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Figure 4.9. C-C bond distances obtained from the dynamic reaction coordinate trajectory
(A) and a quasi-classical trajectory (B) launched at the propene methylation transition
state. Atomic labels in key refer to those in Figure 4.2.

The product distribution from 131 QCT trajectories initiated at the propene
methylation transition state is shown in Figure 4.10. No re-crossing from the transition
state back to the reactants was observed. The m-PCP+ carbocation formed post-TS can
then undergo elimination (m-cyclopropane 2/131), nucleophilic substitution (1-butanol
1/131, 1-butoxide 1/131), or isomerization (2-butyl carbocation 2-BCC+, 111/131). After
isomerization, the secondary carbocation can then undergo elimination (n-butene,
50/111) or nucleophilic substitution (2-butanol, 14/111), with the remaining trajectories
persisting at carbocations past 1.3 ps. In contrast to the product distribution from PCP+,
mostly products derived from the isomerization route are observed from QCTs due to the
much fast rate of isomerization relative to substitution or elimination. The isomerization
of m-PCP+ to 2-BCC+ involves no intramolecular proton transfer, only the conversion of
vibrational kinetic energy to potential energy to overcome the extremely shallow and
loose (-71 cm-1) reaction barrier.
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Figure 4.10. Reaction Pathway Network of m-PCP+ Decomposition to form C4 products.
Not shown are trajectories ending in 1-butoxide (2/131) and 1-butanol (1/131) proceeding
from m-PCP+.

The frequency of reaction events observed during propene methylation QCTs is
shown in Supporting Information Figure 4.S4A. We can see that no reaction events
occur before t<200 fs, before reaching a maximum at 600 fs. We observe a smaller,
similar peak in reaction events at 600 fs in Figure 4.S5B, corresponding to the production
of 1-butene. 1-Butene is produced by the dissociation of a C-H bond of a methyl carbon
in the 2-butyl carbocation cation state. Other reaction pathways of m-PCP+ dissociation
observed during QCT have observed reaction frequencies relatively constant in time.
The unimolecular decomposition rate of the m-PCP+ intermediate is
calculated from the QCT trajectories and shown in Table 4.2. The survival probability
and least-squares fit are shown on a semi-log plot in Figure 4.11. At 1.3 ps, there remain
64 unreacted carbocations out of 131 total trajectories, corresponding to a ln[Nu/Ntot]=0.72. The first-order rate constant associated with the unimolecular decay of m-PCP+ is
0.8375±0.001 ps-1, which gives a half-life of 0.827 ps. Toffset observed for dissociation of
m-PCP+ intermediate is 232 fs, or on the order of 2 C-C oscillations before dissociation
occurs. At t=1.1 ps, there remain 65 unreacted carbocations out of 131 total trajectories.
Between t=1.1 ps and t=1.3 ps, there is a sharp decrease in the unimolecular
decomposition rate and only one reaction event is observed. After 1.3 ps, 49/64
unreactive trajectories remain as 2-butyl carbocations. The large fraction of population in
2-butyl carbocation state at the end of 1 ps suggests that this intermediate, a secondary
linear carbocation, is longer-lived than the primary cyclic m-PCP+ intermediate.
!
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Figure 4.11. Decomposition rate of m-PCP+ intermediate. Semilog plot of survival
probabilities of propene methylation reactive trajectories. Points are original m-PCP+
lifetime distribution, while solid line is the least-squares fit (R2 = 0.998).

4.4 Conclusion
The QM/MM method presented here reproduces experimentally measured
apparent reaction barriers for the methylation of ethene and propene in the presence of HMFI to near chemical accuracy. Following the reaction coordinate from the alkene
methylation transition state toward the final products reveals the existence of a protonated
three-member ring containing carbocation intermediate. The dissociation pathways of
these carbocation intermediates were investigated with both static potential energy
surface mapping as well as quasiclassical sampling of reaction pathways. The
intermediates produced during the alkene methylation reaction are meta-stable with a
lifetime of O(1 ps) obtained from QCTs. The lifetime and product distribution associated
with each intermediate were calculated from a total of 166 trajectories. This procedure is
adequate for obtaining a qualitative description of reaction dynamics, however lifetimes
and product distributions are not necessarily statistically converged with respect to
trajectory number.
The qualitative difference between product distributions obtained by static and
dynamic reaction pathways suggests the dissociation of the PCP+ intermediate proceed
through pathways that differ from the 0 K potential energy surface. Due to the short
lifetime of these intermediates, the available energy in the carbocation is not in thermal
equilibrium with the zeolite lattice before subsequent dissociation occurs. The
conversion of potential energy into kinetic energy that occurs between the rate-limiting
transition state and the meta-stable intermediate produces a locally non-thermal
intermediate, and the dissociation occurs before the full transfer of vibrational energy
from the intermediate to the zeolite lattice can occur. This makes the application of
transition state theory for determining product distribution problematic, since the
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products are determined by the non-equilibrium dissociation of the PCP+ intermediate.
Some products observed during QCT (cyclopropane and 1-propanol) are not reported as
major products experimentally43. These intermediates readily react via secondary
reactions of ring opening45 and dehydration46 to produce the primary product, propene.
The reaction pathways to form propene from these intermediates are simply the reverse
pathways of PCP+ dissociation.
The product distribution for propene methylation predicted by QCT is
qualitatively different than the predicted ethene methylation product distribution. Some
m-PCP+ carbocation produced during propene methylation react before the full transfer
of vibrational energy, however more than 80% are able to isomerize to the more stable
secondary carbocation which has a lifetime longer than 2 ps. This isomerization between
m-PCP+ and 2-butyl cation occurs in the absence of intramolecular hydride transfer,
contrary to the PCP+ to 2-propyl cation reaction. QCTs predict n-butene as the primary
product of propene methylation, in good agreement with published experiments47 and
minimum energy pathway analysis.
These results as well as our previous work20 show that dynamical effects govern
the selectivity of primary carbocation dissociation. Because these intermediates are
common in the acid-catalyzed conversion of hydrocarbons and alcohols, their behavior
and reactivity are central to understanding catalytic processes. The shape of the zeolite
pore structure influences the dynamics and carbocation dissociation dynamics. The study
of carbocation dynamics in different zeolite frameworks can help to understand how
much of a role the carbocation-lattice interactions play in determining the selectivity of a
given reaction, and can be used ultimately as a tool to aid in the design of zeolite
frameworks that exhibit high conversion rate and selectivity to a desired product.
4.5 Supporting Information for Chapter 4
!
4.5.1

QM/MM Methodology

The Brønsted-acid site was modeled using a QM region of 5 tetrahedral atoms of
stoichiometry AlH(OSiH3)4. Terminal Si-O bonds created during the separation of the
QM region from the full zeolite model are converted to Si-H link-atom bonds in a manner
prescribed elsewhere.28
The QM/MM electronic energy is obtained by the sum of the QM electronic
energy (in the presence of MM point charges) with the MM energy obtained from a force
field of the CHARMM variety. In a previous study35 we have shown that a T5 QM
region is sufficient for obtaining chemical accurate heats of adsorption and activation
barriers, and that there is little advantage to using a larger QM region when using an
electrostatic embedding QM/MM method. Since most zeolite T-atoms are present only
in the MM calculation, many zeolite-guest interactions are calculated with the MM force
field. A breakdown of all contributions to the QM/MM electronic energy for the
methanol (ads) structure is provided in Table 4.S1.
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Table 4.S1. Breakdown of QM and MM contributions to the total QM/MM electronic
energy for the methanol (ads) structure calculated at the ωB97X-D/6311++G(3df,3pd)//ωB97X-D/6-31G(d,p) level of theory.
Zeolite (s)
Methanol (ads)
Methanol (g)
ΔE (ads)
4.5.2

QM
-1816.721497
-1932.489718
-115.7307241
-23.52940044

LJ
109.0237186
109.014909
0
-5.528149191

TOTAL
-1707.697779
-1823.474809
-115.7307241
-29.05754963

[Hartree]
[Hartree]
[Hartree]
[kcal mol-1]

Calculation of Thermodynamic Quantities

Electronic energies obtained from QM/MM calculations are zero-point corrected
and converted to thermodynamic quantities using a rigid-rotor harmonic oscillator
(RRHO)-type partition function. The HO vibrational partition function has been replaced
by the weighted vibrational partition function of Grimme.37 A feature of this method is a
more physically-realistic treatment of vibrational modes resembling frustrated
translational and rotational motion exhibited by the guest molecule in the zeolite lattice.
The total partition function for each vibrational mode is a weighted sum of a free rotor
partition function and a standard harmonic-oscillator partition function such that modes
with a vibrational frequency below a certain threshold (200 cm-1) are treated primarily as
free rotations. The individual partition functions are weighted with a switching function
such that the total partition function is a smooth, continuous function of vibrational
frequency. A comparison of this method with the traditional RRHO method is given in
SI Section IV. Molecules adsorbed from the gas phase into the zeolite are treated as
immobile.
4.5.3
MFI

Comparison of Step-wise and Concerted Mechanisms of Alkene Methylation in H-

Two mechanisms have been proposed for alkene methylation. The first is the
concerted mechanism. In this case, methanol adsorbs molecularly at a Brønsted acid site
and then reacts with adsorbed alkene to produce the next higher alkene and water. The
alternative is the stepwise mechanism. The first step in this scheme is the same as that for
the concerted mechanism; however, in this case, the adsorbed methanol next undergoes
reaction to form methoxide species and water. Methylation occurs by reaction of the
methoxide species with adsorbed alkene to form the next highest alkene. A comparison
between the enthalpy and free energy profiles of concerted and stepwise methylation
mechanisms at 623 K and 1 bar total pressure are given in Figure 4.S1. In Figure 4.S1,
we observe that the rate-determining dehydration reaction responsible for methoxide
formation in the stepwise mechanism has a significantly higher activation enthalpy
compared with the rate-determining methylation step of the concerted mechanism. The
loss of entropy associated with adsorbing molecules from the gas phase increases the free
energy of activation for both mechanisms, although it has a smaller effect on the stepwise
mechanism since there is only one molecule of gas adsorbed before methoxide formation.
At these conditions, it is predicted that both mechanism operate competitively since the
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apparent activation free energy values are calculated to be within 0.1 kcal mol-1. Figure
4.S2 shows the effects of pressure on the free energy of activation of the methoxide
formation step (stepwise mechanism), the free energy of activation of methylation
(concerted), and the free energy of adsorption of methanol. There is a logarithmic term
describing the pressure dependence present in the RRHO translational entropy correction.
At higher pressure, the desorption of water to the gas-phase is disfavored due to this term
such that the difference in apparent activation free energy is now approximately 4 kcal
mol-1 in favor of the concerted pathway and a 25X difference in turnover frequency.
Figure 4.S1. Enthalpy (623K) and Free Energy (623K) [kcal mol-1] diagram calculated
at the ωB97X-D/6-311++G(3df,3pd)//ωB97X-D/6-31G(d,p) level of theory describing
the concerted (black) and stepwise (red) pathways of ethene methylation by methanol in
H-MFI.
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Figure 4.S2. Free Energy (623K) [kcal mol-1] of activation as calculated at various
pressures, at the ωB97X-D/6-311++G(3df,3pd)//ωB97X-D/6-31G(d,p) level of theory for
the concerted mechanism (red square) and stepwise mechanism (blue triangle) of ethene
methylation by methanol in H-MFI. Also shown is the free energy of adsorption of
methanol (green triangle) calculated at various pressures.

4.5.4

Tabulated Enthalpy and Free Energy Values

Table 4.S2. Relative Electronic Energy, Enthalpy, and Free Energy values (kcal mol-1)
calculated at the ωB97X-D/6-311++G(3df,3pd)//ωB97X-D/6-31G(d,p) level of theory
with the Grimme-modified rigid-rotor harmonic oscillator approximation for
intermediates and transition states formed during Ethene Methylation in H-MFI.
Imaginary frequencies characterizing each transition state are given.
Zeolite (s)
Methanol (ads)
Methanol + Ethene (ads)
Ethene Methylation TS
PCP (ads)
PCProt TS
PCProt (ads)
Elimination TS
Propene + Water (ads)
!

∆E (0 K)
0.00
-29.06
-33.64
-2.69
-33.46
-28.32
-32.00
-30.51
-57.31

∆H(623K)
0.00
-28.12
-33.67
-2.44
-33.23
-26.29
-28.40
-27.13
-54.55

∆G(623K)
0.00
-4.20
14.50
48.22
20.52
30.61
26.76
30.39
2.42

Imaginary Freq

-435 cm-1
-72 cm-1
-179 cm-1
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PCP (ads)
2PCC TS
2PCC (ads)
Elimination TS
Propene + Water (ads)

-33.46
-26.67
-46.89
-30.91
-57.31

-33.23
-24.91
-44.91
-29.16
-54.55

20.52
33.89
10.09
28.09
2.42

PCP (ads)
Elimination TS
Cyclopropane + Water
(ads)

-33.46
-25.50

-33.23
-25.22

20.52
31.32

-48.47

-45.22

11.91

PCProt (ads)
Alkoxide Formation TS
1-Propoxide + Water (ads)

-32.00
-33.97
-40.03

-28.40
-31.40
-34.90

26.76
31.19
21.39

-235 cm-1

PCProt (ads)
Alcohol Formation TS
1-Propanol (ads)

-32.00
-24.51
-69.68

-28.40
-22.12
-64.68

26.76
34.29
-4.77

-163 cm-1

1-Propanol (g)
Cyclopropane + Water (g)
Propene + Water (g)

-30.56
-10.20
-15.80

-27.25
-9.57
-15.49

-4.32
-7.54
-15.64

-118 cm-1

-1096 cm-1

Table 4.S3. Relative Electronic Energy, Enthalpy, and Free Energy values (kcal mol-1)
calculated at the ωB97X-D/6-311++G(3df,3pd)//ωB97X-D/6-31G(d,p) level of theory
with the rigid-rotor harmonic oscillator approximation for intermediates and transition
states formed during Ethene Methylation in H-MFI. Imaginary frequencies characterizing
each transition state are given.

Zeolite (s)
Methanol (ads)
Methanol + Ethene (ads)
Ethene Methylation TS
PCP (ads)
PCProt TS
PCProt (ads)
Elimination TS
Propene + Water (ads)

!

∆E (0 K)
0.00
-29.06
-33.64
-2.69
-33.46
-28.32
-32.00
-30.51
-57.31

∆H(623K)
0.00
-27.63
-29.11
1.45
-28.66
-25.30
-26.75
-28.15
-53.25

∆G(623K)
0.00
-3.80
12.69
45.51
12.87
18.68
14.66
19.44
-9.63

Imaginary Freq

-435 cm-1
-72 cm-1
-179 cm-1
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PCP (ads)
2PCC TS
2PCC (ads)
Elimination TS
Propene + Water (ads)

-33.46
-26.67
-46.89
-30.91
-57.31

-28.66
-23.65
-43.51
-28.17
-53.25

12.87
20.34
-0.50
20.09
-9.63

PCP (ads)
Elimination TS
Cyclopropane + Water
(ads)

-33.46
-25.50
-48.47

-28.66
-23.71
-43.35

12.87
20.38
-0.24

-1096 cm-1

PCProt (ads)
Alkoxide Formation TS
1-Propoxide + Water (ads)

-32.00
-27.69
-40.03

-26.75
-23.55
-34.80

14.66
21.12
12.86

-235 cm-1

PCProt (ads)
Alcohol Formation TS
1-Propanol (ads)

-32.00
-24.51
-69.68

-26.75
-20.44
-63.76

14.66
22.59
-12.80

-163 cm-1

1-Propanol (g)
Cyclopropane + Water (g)
Propene + Water (g)

-30.56
-10.20
-15.80

-27.25
-9.57
-15.49

-4.32
-7.54
-15.64

-118 cm-1

Table 4.S4. Relative Electronic Energy, Enthalpy, and Free Energy values (kcal mol-1)
calculated at the ωB97X-D/6-311++G(3df,3pd)//ωB97X-D/6-31G(d,p) level of theory
with the Grimme-modified rigid-rotor harmonic oscillator approximation for
intermediates and transition states formed during Propene Methylation in H-MFI.
Imaginary frequencies characterizing each transition state are given.

Zeolite (s)
Methanol (ads)
Methanol + Propene (ads)
Propene Methylation TS
mPCP (ads)
2BCC TS
2BCC (ads)
Elimination TS
trans-Butene + Water (ads)
trans-Butene + Water (g)
!

∆E (0K)
0.00
-29.06
-40.41
-12.14
-39.55
-31.55
-33.38
-27.47
-60.16
-15.06

∆H(623K)
0.00
-28.12
-38.53
-9.60
-37.47
-31.48
-33.04
-26.70
-57.79
-15.07

∆G(623K) Imaginary Freq
0.00
-4.12
14.16
-483 cm-1
42.31
15.53
-71 cm-1
19.20
18.13
-165 cm-1
25.26
-5.95
-13.34
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Table 4.S5. Relative Electronic Energy, Enthalpy, and Free Energy values (kcal mol-1)
calculated at the ωB97X-D/6-311++G(3df,3pd)//ωB97X-D/6-31G(d,p) level of theory
with the rigid-rotor harmonic oscillator approximation for intermediates and transition
states formed during Propene Methylation in H-MFI. Imaginary frequencies
characterizing each transition state are given.
Zeolite (s)
Methanol (ads)
Methanol + Propene (ads)
Propene Methylation TS
mPCP (ads)
2BCC TS
2BCC (ads)
Elimination TS
trans-Butene + Water (ads)
trans-Butene + Water (g)

!

∆E (0K)
0.00
-29.06
-40.41
-12.14
-39.55
-31.55
-33.38
-27.47
-60.16
-15.06

∆H(623K)
0.00
-27.72
-36.23
-8.22
-36.87
-27.48
-30.94
-24.68
-56.28
-15.07

∆G(623K) Imaginary Freq
0.00
-3.80
9.10
41.40
-483 cm-1
12.56
14.52
-71 cm-1
12.43
28.29
-165 cm-1
-9.82
-13.34
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4.5.5

Quasiclassical Trajectory Reaction Event Statistics

Figure 4.S3. Frequency of reaction events observed during QCT trajectories launched at
the Ethene Methylation transition state. (a) All PCP+ decomposition events (b) 1Propanol (c) Cyclopropane (d) 1-Propoxide and (e) Propene (solid) and 2-Propanol
(thatched).

A

B

D
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C

E
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Figure 4.S4. Frequency of reaction events observed during QCT trajectories launched at
the Propene Methylation transition state. (A) Total m-PCP+ decomposition events (B) 1Butene (C) (cis+trans)-2-Butene (D) 2-Butanol and (E) m-CP (0.25 ps), 1-Butoxide (0.5
ps), and 1-Butanol (0.8 ps).
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Chapter 5
Free Energy Reaction Barriers of Zeolite-Catalyzed Reactions
from QM/MM Methods and Constrained Ab Initio Molecular Dynamics
Abstract
A method for performing thermodynamic integration by constrained ab initio molecular
dynamics simulation through the blue-moon ensemble technique has been implemented
in combination with a quantum mechanics/molecular mechanics (QM/MM) for the
calculation of free energy of activation of zeolite-catalyzed reactions. The method was
applied to water-assisted proton hopping in the zeolite H-MFI. The rigid-rotor, harmonic
oscillator correction to the potential energy surface underestimates the entropy of
activation, and the correlation time for proton hopping rate is underestimated by up to six
orders of magnitude. The estimate of the correlation time is improved by three orders of
magnitude by applying a post-harmonic correction, determined from thermodynamic
integration calculations done with the B97-D exchange-correlation functional, to static
free energy calculations done at the ωB97X-D/6-311++G(3df,3pd) level of theory. The
QM/MM method makes the calculation of free energy reaction barriers by
thermodynamic integration in zeolites such as H-MFI computationally feasible by
providing a speed up of up to 87-fold compared with periodic-boundary QM calculations.
5.1 Introduction
Brønsted-acid zeolite catalysts are used extensively in processes relevant to the
production of transportation fuels, e.g., hydrocarbon cracking, alkylation, and methanolto-gasoline conversion.1,2 Since there are many more known zeolite framework structures
than currently synthesized or used commercially, it is highly desirable to predict from
first-principles the impact of zeolite structure and composition on the activity and product
selectivity of a given reaction to screen new possible catalysts.3,4 Quantum chemical
calculations can provide molecular-scale information on zeolite-adsorbate interactions, as
well as model the energetic changes and dynamics of elementary reactions occurring
within the channels and pores of zeolites.5,6 Such calculations can be utilized to confirm
reaction mechanisms deduced from experiment as well as to predict the influence of
zeolite framework structure and composition on catalyst activity and product selectivity
by the calculation of rate constants for a desired set of reactions in a given zeolite.
The rate coefficient for an elementary reaction can be determined from transition
state theory by the expression:

k(T ) =

!

" ΔS ‡ %
" ΔH ‡ %
k BT
exp $
exp
'
$−
'
h
# R &
# RT &
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where the ΔH ‡ is the activation energy, ΔS ‡ is the activation entropy, T is temperature, R
is the universal gas constant, h is the Planck constant and kB is the Boltzmann constant. 7
The reliable determination of chemical rate coefficients depends on the ability to
accurately calculate both the activation energy and activation entropy.
The calculation of activation energy of chemical reactions occurring in zeolites is
particularly difficult because of the large number of zeolite framework atoms needed to
accurately capture the long-range Coulombic and medium-range van der Waals
interactions. Density functional theory (DFT) is currently the preferred method for
carrying out electronic structure calculations for large systems, because it provides a
good balance between computational simplicity and accuracy. Although DFT is currently
the most efficient theory for performing electronic structure calculations, its cubic scaling
with the number of atoms makes its application computationally prohibitive for systems
that include a significant part of the zeolite framework. Consequently, it is difficult to
achieve convergence of calculated thermochemical properties with cluster model size.
8,9,10
To overcome the slow convergence of electrostatic interactions, some researchers
have used periodic-boundary condition simulations to represent the extended zeolite
environment. 11,12,13 These simulations face similar limitations with respect to zeolite
model size and remain intractable for large unit cells. Another concern is that periodicboundary condition simulations are unable to readily incorporate density functionals
beyond GGA quality, and hence additional corrective schemes must be performed to
incorporate important zeolite-hydrocarbon dispersion interactions. A hybrid quantum
mechanical/molecular mechanical (QM/MM) formalism for incorporating extended
zeolite environment has been found to offer a good compromise between accuracy and
computational feasibility.14,15,16 Zeolite cluster models are sub-divided into two regions,
an active region consisting of adsorbate molecules and active site, and an inactive region
consisting of zeolite framework atoms away from the active site. The active region is
simulated using QM methods to describe the breaking and formation of chemical bonds
along a reaction pathway, and the inactive region is described with a molecular
mechanics force field, allowing the zeolite framework to polarize the active region as
well as interact with the adsorbate through dispersion and electrostatic interactions. The
advantage of this methodology is that the computational effort scales only with the size of
the active QM region, while incorporating the most important effects of the extended
zeolite structure and having the ability to describe interactions at the active center to a
high level of accuracy.
The calculation of activation entropy can often be equally or even more
challenging than the calculation of activation enthalpy, but for different reasons. A
computationally straightforward approach is to determine the entropy of activation from
the vibrational partition function using the harmonic approximation for both the reactant
and transition states. This approach is adequate for simple chemical reactions where only
a few degrees of freedom evolve along the reaction coordinate. For complex systems
containing soft degrees of freedom, such as torsion, translation, and hindered rotation, the
harmonic approximation breaks down and a more accurate treatment of entropic effects is
necessary. De Moor and co-workers have proposed the mobile adsorption method for
manually replacing vibrational frequency contributions originating from translational or
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rotational motions of the adsorbate by free translational and/or rotational contributions.17
Grimme has proposed a modification of the rigid-rotor harmonic oscillator (RRHO)
partition function in which the degrees of freedom corresponding to frustrated translation
and hindered rotation are treated as an interpolation between the RRHO and a free rotor
contribution as a function of vibrational frequency.18 This method has been shown to be
an improvement for describing the adsorption thermodynamics of semi-mobile
adsorbates in zeolites at no additional computational cost. 19 This quasi-RRHO (qRRHO) method has been applied successfully to several zeolite-catalyzed reactions.20,21,22
The q-RRHO provides an improved estimate of the activation entropy for early transition
states, but breaks down for late transition states involving low-frequency, anharmonic
oscillations.22 Piccini and Sauer have recently proposed a method for the accurate
calculation of adsorption free energy of alkanes in zeolites.23 In this method, vibrational
entropy and thermal energy first are evaluated using the RRHO and corrections are
determined through an anharmonic one-dimensional model that is derived for each
vibrational mode by the fitting of points on the potential energy surface. This method has
been validated by the comparison of alkane adsorption in H-CHA with experiment,
where both the enthalpy and free energy of adsorption are predicted with an error of 3
kJ/mol or less.24 However, this methodology has currently only been applied to the
adsorption free energy and has yet to be tested for the prediction of activation free
energies of zeolite-catalyzed reaction.
Methods that rely only on corrections to harmonic vibrational frequencies
calculated on the potential energy surface have additional approximations that make the
accurate prediction of activation free energy problematic. There is evidence that the
minima found by potential energy surface optimization vary significantly from those
found by free energy surface optimization, especially for van der Waals bound
complexes.25 In zeolite-adsorbate systems, the addition of thermal energy at a finite
temperature typically increases the average distance between the adsorbate and the active
site. As a result, any comparison of energy or free energy between two states found on
the potential energy surface might not reflect the true reaction barrier. Additionally,
these methods ignore the coupling and transfer of vibrational energy that can occur
between vibrational modes.
The problems associated with the calculation of entropy based on the harmonic
approximation can be addressed by more computationally demanding techniques based
either on Monte Carlo or molecular dynamics (MD), of which many have been
previously proposed. 26 , 27 , 28 One such technique is blue-moon thermodynamic
integration. 29 , 30 , 31 , 32 Bučko and Hafner have applied blue-moon thermodynamic
integration to reactions such as alkane H/D exchange, cracking, and
dehydrogenation. 33,34.35 In the thermodynamic integration technique, the free-energy
profile is calculated as the path integral over the restoring forces sampled by molecular
dynamics at specific points along a parameterized reaction coordinate. It should be noted
that to date thermodynamic integration studies done using periodic-boundary condition
density functional theory have been limited to the zeolite H-CHA and H-MOR. These
particular zeolite frameworks were chosen due to their small unit cell size, which allows
faster convergence of electronic energy and gradient calculations needed for ab initio
molecular dynamics simulations. Zeolite frameworks used in industrial processes, such
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as H-MFI and H-FAU, require energy and gradient calculations that are currently
prohibitively costly due to the O(N3) scaling with system size for all but static potential
energy surface searching when treated fully quantum-mechanically. As noted above, this
limitation could be overcome, in principle, by use of the QM/MM approach.
In the present study we show that free energies of activation for zeolite-catalyzed
reactions can be determined in the blue-moon ensemble by constrained ab initio
molecular dynamics simulations using a hybrid QM/MM method. For this work we have
used the thermodynamic integration method proposed by Schlitter and Klähn.36 The
method is applied to water-assisted proton hopping in zeolite H-MFI. We compare the
free energy reaction barrier calculated by TI with that calculated with the quasi rigidrotor harmonic oscillator (q-RRHO) recently proposed by Grimme. The estimate for the
correlation time of proton hopping is improved by two orders of magnitude with the
thermodynamic integration technique relative that determined using the q-RRHO
approximation. We also find that in order to achieve close agreement between the
predicted activation barrier for proton hopping and that determined from experimental
measurements of the correlation time, it is necessary to use a level of theory higher than
that is practical for molecular dynamics simulations. Therefore, in order to obtain a good
estimate of the free energy of activation, it is necessary to use the results of
thermodynamic integration to correct the estimate of the entropic contribution to the free
energy obtained using the q-RHHO approximation obtained from QM/MM calculations
done using a high level of theory for the QM calculations.
5.2 Theory
We consider that the reaction coordinate can be approximated by a single
parameter ξ. The free-energy difference between the two states can be calculated using:
ξ2

ΔA1−2 =

$ ∂A '

∫ dξ &% ∂ξ )(

(2)

ξ1

as an integral over the free-energy gradient. The free energy along the reaction path is
related to the partition function Q(ξ*) by:

A (ξ *) = −kBT ln "#Q (ξ *)$%

(3)

Therefore, a calculation of the free-energy gradient requires first the evaluation of the
derivative of the partition function. The partition function is defined by:

Q (ξ ) =

∫ dq ∫ d p

q

dpξ exp (−β H )

(4)

where the dynamical variables of the Hamiltonian for a system with N degrees of
freedom have been split into the active coordinate ξ defining the reaction path, the
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inactive coordinates q={qi; i=1,..,N-1} and the associated momenta pξ and pq. In the MD
simulation, the reaction coordinate is constrained to remain constant and equal to ξ*.
This requires the additional constraint ξ! =0. Therefore, during the MD simulation pξ is
not sampled; a constrained ensemble average over the quantity O is evaluated as
O

∫ dq ∫ d p O exp (−β H )
=
∫ dq ∫ d p exp (−β H )

(5)

1 t
pq Xpq +V (q, ξ )
2

(6)
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with the Hamiltonian
H ξc* =

and the associated partition function defined by:

Qc (ξ ) =

∫ dq ∫ d p

q

dpξ exp (−β H ξc* )

(7)

where X, the mass metric tensor in the constrained Hamiltonian, is defined by:
N

Xα ,β = ∑
i=1

1 ∂qα ∂qβ
mi ∂xi ∂xi

(8)

To constrain the system to remain on the reaction path during the MD simulation,
a modified Lagrangian L* with the Lagrange multiplier λξ associated with the reaction
coordinate is used:
. $
.
!
L* # x, ξ , x & = L(x, x ) + λξ ()ξ ( x ) − ξ * *+
"
%

(8)

where ξ* is the desired value of the geometric parameter ξ(x). The RATTLE algorithm
was used to determine the Lagrange multiplier.37
Rather than calculating the differential change directly from the partition function
Q(ξ) according to:

∂A
∂
= −kBT
lnQ (ξ )
∂ξ
∂ξ

(9)

Schlitter and Klahn have used the equivalent equation:36
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Q (ξ )
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to separate the free energy of the constrained system. It can be shown that the first term
is the constraint force acting on the reaction coordinate ξ in the constrained system and
the second term a metric tensor correction compensating the effect of the artificial
constraints. After following the procedure in Ref. 36, both terms can be expressed by
means taken in the constrained ensemble, and the free-energy gradient can be readily
calculated by:

∂A
= λξ
∂ξ

1

ξ*

− kBT ln Z − 2

(11)

ξ*

where the subscript ξ* refers to averages taken in the constrained ensemble and Z is
defined by:

1 " ∂ξ %
Z =∑ $ '
i=1 mi # ∂xi &
N

2

(12)

where α=1,..,N-1 and i=1..N runs over the N cartesian coordinates.
By integration one obtains a simple expression for the free-energy change:
ξ2

ΔA1−2 =
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5.3 Computational Methods
5.3.1 Electronic Structure Calculations
All QM/MM calculations were performed using a developmental version of the
Q-Chem 4.2 software package.38 Geometry optimizations done on the potential energy
surface were performed with the exchange-correlation functionals B97-D39 and ωB97XD 40,41 using the double-ζ, polarized valence 6-31G(d) basis set. During geometry
optimizations, energies were converged to 10-6 Ha and the maximum norm of the
Cartestian gradient was converged to 10-3 Ha bohr-1. Transition state guesses were
obtained by a double-ended potential energy interpolation method known as the Freezing
String Method (FSM) 42 and further refined using partitioned rational function
optimization (P-RFO).43 Frequency analysis was performed to confirm the nature of each
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stationary point: there must be zero imaginary frequencies for potential energy minima
and exactly one for potential energy saddle points.
Single point energy calculations using the optimized geometries were performed
with the exchange-correlation functional used during optimization and triple-ζ,
augmented, polarized valence 6-311++G(3df,3pd) basis set. Single point energies were
converged to 10-7 Ha and performed using a standard integration grid, SG-1.
Periodic density functional theory calculations have been performed using VASP
5.3.5. The PBE exchange–correlation functional45 was used with a plane wave cutoff of
400 eV. Brillouin-zone sampling was restricted to the Γ-point.
44

5.3.2 Thermal Correction to Potential Energy Surface
All energies reported were corrected for zero point vibrational energy and include
a finite temperature correction. The correction term, V, was calculated using the quasi
rigid rotor harmonic oscillator approach (q-RRHO) proposed by Grimme18, for which the
vibrational energy contribution is described by:

(
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%+
V = ∑*ω (ν i ) Vi + (1− ω (ν i )) $ RT '#2
&,
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i

where T is the absolute temperature, R is the gas constant, ν i is the frequency of the
vibration mode i, ν 0 is chosen as 268 cm-1, and Vi is the vibrational energy contribution
of mode i described by the regular rigid rotor-harmonic approximation (RRHO):
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5.3.3 Molecular Dynamics and Free Energy Calculations
Born-Oppenheimer molecular dynamics simulations were carried out using in the
canonical NVT ensemble. The temperature was controlled by an Andersen thermostat.46
The direct dynamics were performed at the B97-D/6-31G(d) level of theory. The
equations of motion were integrated with a time step of 0.5 fs using the Velocity Verlet
algorithm. The trajectories were run for a total of 15 ps. The first 2 ps are treated as the
equilibration period. The free-energy reaction profiles were calculated with the bluemoon thermodynamic integration technique using Equation 17.
!
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The choice of proper collective variables that reasonably represent the reaction
coordinate is an important step in the blue-moon thermodynamic integration technique.
For the proton exchange reaction, a possible choice of reaction coordinate is the
difference between the zeolite hydroxyl O1-H1 bond distances, rij, and the water-proton
Ow-H1 bond distance, rkj, shown in Figure 5.1:
(24)

ξ = rkj − rij
Ow

rkj

Figure 5.1. The transition state of proton
exchange by water in zeolite H-MFI.
The key atoms (O1,O2, OW, Ha,Hb) and
reaction coordinate bond lengths (rij, rkj)
are shown.

rij

O1

Ha

Hb

O2

Having identified two stationary points, we need to define a chain-of-states
connecting the reactant and transition states and calculate free-energy gradients (Equation
16) and the path integral (Equation 17). As the free energy is a state quantity, the result
of the integral in Equation 17 is independent of integration path. To produce the final
reaction pathway, a Growing String47 calculation was initiated between the optimized
minimum and the potential energy saddle point. The chain-of-states reaction pathway
produced by the Growing String Method was optimized through objective function
steepest-descent minimization, where the objective function is defined as the sum of the
forces perpendicular to the reaction coordinate at each node in the chain-of-states.
Optimization proceeded until the sum of the magnitude of perpendicular forces on all
nodes was less than 0.1 Ha/Å. Additional states beyond the reactant state that were used
for initializing dynamic trajectories were produced by displacing the adsorbate (water)
along the degree of freedom corresponding to the van der Waals complex distance (rkj,
Figure 5.3) while holding the covalent bond distance (rij, Figure 5.3) fixed, and then
performing a constrained optimization to relax all other degrees of freedom.
5.3.4 Zeolite QM/MM and Model Geometries
Quantum mechanics/molecular mechanics (QM/MM) calculations were done
using an electrostatically embedded QM region. Implementation of the QM/MM zeolite
model in this work followed the scheme described previously, the details of which can be
found elsewhere.16 All geometry optimizations were performed with relaxation of only
90
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the internal QM region, keeping the hydrogen terminations of the QM region and all the
MM atoms frozen. Since the MM atoms are held fixed, the only relevant terms in the
force field are the two MM-QM interactions. The electrostatic part of this interaction is
described by:
VQM /MM = ∑
ij

qj
4πε 0 rij

(25)

where VQM/MM is the electric potential in the QM Hamiltonian due to all MM atoms; rij is
the distance between particles i and j, where particle i is in the QM region and particle j is
in the MM region; qj is the charge on particle j, which is a force field parameters; and ε0
is the permittivity of free space. The Lennard-Jones interaction ELJ is given by:
6
(! $12
!R $ +
R
ij
ij
ELJ = ∑ eij *## && − 2 ## && *" rij %
" rij % -,
ij
)

(26)

where eij=(eiej)1/2 and Rij=(Ri+Rj)/2, Ri is the van der Waals radius, and ei is the
characteristic energy for the Lennard-Jones potential describing particle i. These
expressions require three parameters for each atom type. Alkane parameters were taken
directly from the CHARMM library. 48 The Lennard-Jones and charge parameters
describing framework Si and O atoms were transferred from previous work.19
The zeolite H-MFI was represented by a cluster model containing 464 tetrahedral
(T-) centers. The crystallographic structure of MFI was used to determine the positions
of all atoms in the zeolite cluster model.49 The charges on the atoms located at the
QM/MM boundary surface were scaled such that the cluster had net zero charge. The
lattice atoms away from the active region were frozen at their crystallographic positions.
To produce an acidic site, a Si atom in the cluster was isomorphically substituted by an
Al atom, and the resulting charge imbalance was compensated by a proton. The
Brønsted-acid site was modeled using a QM region of 5 tetrahedral atoms and the balance
of the cluster modeled by molecular mechanics. The MFI unit cell has 12 unique T-atom
positions that can be substituted to produce an acid site. While the distribution of Al in
MFI is unknown and depends on the conditions of zeolite synthesis, there is some
evidence that the T12 position is favored.50,51 For this reason, we consider the Al to be in
the T12 site and found the proton to be most stable in the Al12-O20(H)-Si3 position. The
periodic structure of H-MFI with the proton located at the Al12-O20(H)-Si3 position was
taken from the supporting information of recently published work.52
5.3.5 Calculation of Experimental Activation Free Energy of Proton Exchange in H-MFI
from 1H MAS NMR
At room temperature, the 1H MAS NMR spectra of Brønsted acid zeolites consist
of a narrow central line and sharp spinning side-bands. 53 The dominant solid-state
interaction of the hydroxyl protons in a SiOHAl group is the dipolar H-Al interaction that
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results in a line broadening of the 1H MAS NMR signal. For hydroxyl protons
undergoing uncorrelated statistical migration, the correlation time, τc, is related to the
envelope of the free-induction decay and can be calculated by fitting M2, the second
moment of the dipolar interaction between Al and H+, and τc to known models, such as
equation 11 of ref 51, that reproduce the experimental spectrum.
In a study done by Hunger, the 1H MAS NMR spectrum of fully dehydrated HMFI (Si/Al=18) was recorded in nitrogen gas, at the resonance frequency of 400.13 MHz,
sample spinning rate of 3 kHz, and at temperature T = 423 K.53 A fitting of the spectrum
measured at 423 K yields a correlation time of the hydroxyl protons τc = 250 μs. In a
separate study done by Baba and Ono, the H1 MAS NMR spectrum of fully dehydrated
H-MFI (Si/Al = 106) was recorded in nitrogen gas, at the resonance frequency of 400
MHz, sample spinning rate of 4 kHz, and at temperatures of T = 373 K, 423 K, and 473
K.54 A fitting of the measured spectra yields a correlation time of the hydroxyl protons
τc(373 K) = 42 μs, τc(423 K) = 19 μs, τc(473 K) = 13 μs, corresponding to an activation
energy of 17 kJ/mol (4.1 kcal/mol). In a study done by Sarv et. al, the 1H MAS NMR
spectrum of fully dehydrated H-MFI (Si/Al=38) was recorded in nitrogen gas, at the
resonance frequency of 200 MHz, sample spinning rate of 2.0-2.4 kHz, and at
temperature T = 523 K.55 A fitting of the measured spectra yields a correlation time of
the hydroxyl protons τc(523 K) = 35 μs, and an activation energy of 45 kJ/mol (10.8
kcal/mol). Assuming that activation energy and entropy are constant at this temperature,
this corresponds to correlation time τc(423 K) = 283 μs. At 423 K, there is an order of
magnitude difference between the values of τc measured independently by Sarv et. al,
Hunger, and Baba and Ono. There is also a wide range in the apparent activation energy,
4-11 kcal/mol. The calculated fitted value of M2 was similar between groups, 5.5E8 s-2
by Sarv et. al, 4.5E8 s-2 by Hunger and 1.4E8 s-2 by Baba and Ono. The difference
between the correlation times could be due to the different Si/Al ratios of the H-MFI
samples or the degree of dehydration of the samples. Although samples were dehydrated
at T = 573 K before 1H MAS NMR measurements were taken, it has been shown
previously that an experimentally undetectable amount of water (1 part water per million
SiOHAl) is enough to enhance the apparent rate of proton migration. The zeolite used by
Baba and Ono, H-MFI (Si/Al=106), contains mostly isolated SiOHAl groups and is most
similar to the model of H-MFI used in this work. As the concentration of acid sites
increases, the experimentally measured correlation time reflects both the rates of intrasite hopping as well as inter-site hopping, a reaction which is not considered in this work.
The observed correlation time is the inverse of the site-averaged rate coefficient:

τ c−1 = k = ∑ Pi kij

(27)

ij

where Pi is the normalized probability that the proton is located at site i, and kij is the rate
constant describing the hopping of the proton from site i to site j.
The experimental correlation time can be related to the calculated activation free
energy by the assumption of a two-site model. At the T12 site, there are two oxygen sites
(O1 and O2, Figure 5.4) that are nearly identical in free energy (ΔAO1-O2 = 1.24 kcal/mol).
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The other two oxygen sites surrounding the T12 site are significantly higher in free
energy (ΔA > 4 kcal/mol), such that the occupation of these sites is statistically unlikely.
This assumption also neglects the occupation of T-sites other than T12. There is
evidence that the siting in H-MFI is nonrandom and driven by reaction conditions and
that there is no thermodynamic preference in the isomorphic substitution of Si by Al at
different T-sites in H-MFI, such that all sites have similar Brønsted acidity, but the
differences in the microporous environment surrounding the T-site can influence the rate
of proton hopping by water through van der Waals and electrostatic interactions.
By assuming a two-site model (k12, k21 >> kother and P1 = 0.78, P2 = 0.22), equation
B4 can be simplified.

τ c−1 = P1k12 + P2 k21 =

# −ΔA1‡ & P2
# −ΔA2‡ &
P1
exp %
exp %
(+
(
hβ
$ RT ' hβ
$ RT '

(28)
−1

where h is Planck’s constant and β is the reciprocal thermodynamic temperature ( kT ) .
Furthermore, the two activation barriers ΔA1 and ΔA2 can be related to each other
through ΔAO1-O2 (Figure 5.5):
ΔA2‡ = ΔA1‡ − ΔAO1−O2

(29)

5.4 Results and Discussion
5.4.1 Static Reaction Pathway Calculations
The mechanism of water-assisted proton migration in H-MFI is shown in Figure
5.2. The Helmholtz free energy (423 K) diagram of water-assited proton migration in the
zeolite H-MFI calculated at the ωB97X-D/6-311++G(3df,3pd) level of theory using the
q-RRHO correction is shown in Figure 5.3. Proton migration is initiated by the
adsorption of water to the active site, as shown in Figure 5.4. The adsorption of water
into the zeolite occurs spontaneously, with an adsorption free energy ΔAads = -2.0
kcal/mol, to produce the catalyst resting state. The adsorption of water is driven by a
decrease in enthalpy, resulting from the formation of a water-zeolite hydrogen-bonded
complex, as shown in Figure 5.3. The entropy change upon of adsorption of water (ΔSads
= -38.0 cal/mol/K) is negative, due to the loss of water gas phase translational and
rotation degrees of freedom.
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Figure 5.2. Reaction mechanism of water-assisted proton migration in zeolite H-MFI.
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Figure 5.4. The reactant state of proton exchange by water in zeolite H-MFI. (Left)
View along the straight channel of H-MFI. (Right) View along the sinusoidal channel of
H-MFI.

Table 5.1. Geometric description of the reaction coordinate for the proton exchange by
water in H-MFI calculated by potential energy surface optimization.

H2O(ads)
Ha-b Exch. TS

rO1-H1
[bohr]
2.04
2.68

rO2-H2
[bohr]
3.51
2.78

The reaction proceeds by the protonation of water to produce a hydronium ion,
while the zeolite active site is recovered by the deprotonation of the hydronium ion in a
concerted reaction step. The transition state for the reaction is shown in Figure 5.1, and
geometric parameters describing the reaction are given in Table 5.1. The transition state
is nearly symmetric (rO1-H1 = 2.68 bohr and rO2-H2 = 2.78 bohr) where the shorter O1-H1
distance is due to slightly higher Brønsted basicity of O1 compared with O2.
The intrinsic activation thermodynamic parameters for the static reaction pathway
of proton migration in H-MFI at 423 K calculated at the B97-D/6311++G(3df,3pd)//B97-D/6-31G* and ωB97X-D/6-311++G(3df,3pd)//ωB97X-D/631G* level of theory, with both RRHO and q-RRHO thermal corrections, are given in
Table 5.2. The activation energy of this reaction calculated with ωB97X-D is 6.8
kcal/mol, lies between the two values measured experimentally 4 kcal/mol and11
kcal/mol, and is very close to the value predicted by Ryder et al., 6.9 kcal/mol at the
BH&HLYP/6-31++G(d,p) level of theory.56 The activation energy calculated with B97-D,
2.28 kcal/mol, is underestimated with respect to the range of experimental measurements.
The entropy of activation calculated using the RRHO approximation with ωB97X-D and
B97-D are similar, -TΔS(423 K) = 2.64 kcal/mol and 2.61 kcal/mol, respectively. The
RRHO results are weakly affected by the q-RRHO correction, -TΔS(423 K) = 2.40
kcal/mol (ωB97X-D, q-RRHO) and -TΔS(423 K) = 2.45 kcal/mol (B97-D, q-RRHO).
By contrast, the activation entropy determined from experimental measurements of the
!
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hopping frequency lie in the range -TΔS(423 K) = 9-12 kcal/mol. Therefore, the
activation entropy predicted using both the RRHO and q-RRHO approximations
underestimate the experimental values, which contributes to an underestimation of the
free energy of activation and consequently to an underestimation of the correlation time
for proton hopping. As shown in Table 5.2, the activation free energy predicted using the
B97-D functional with the q-RRHO correction is 4.73 kcal/mol, corresponding to a 1H
MAS NMR correlation time of 1.9x10-5 μs; whereas, the activation free energy predicted
using the ωB97X-D functional with the q-RRHO correction is 4.73 kcal/mol,
corresponding to a 1H MAS NMR correlation time of 3.8x10-3 μs. In both cases the
predicted correlation time is 106 to 104 times smaller than that observed experimentally,
19-250 μs.
Table 5.2. Thermodynamics of the proton exchange by water in H-MFI at 423 K
calculated with the quasi rigid-rotor, harmonic oscillator technique (q-RRHO) and bluemoon thermodynamic integration (TI).

RRHO
q-RRHO
TI
Correctionf

ΔU ‡ a
2.15
2.28
---

RRHO
q-RRHO
Final Estimatef

ΔU ‡ a
6.62
6.77
6.77

Sarv et al. (1995)
Hunger (1996)
Baba and Ono (1999)

ΔU ‡ a,c
10.8
-4.1

B97-D !!
!!
!!
!!
!!
!!
!!
!!

ωB97X-D !!

Experiment !!

−TΔS ‡ a
2.64
2.45
-4.16
-TΔS‡a
2.61
2.40
6.56
-TΔS‡a,c
9.2
-12.2

ΔA‡ a
4.79
4.73
8.89
-ΔA‡a
9.24
9.17
13.33
ΔA‡a,c
20.0
18.5
16.3

τb,d
1.9 x 10-5
1.8 x 10-5
2.5 x 10-3
-τb,d
3.8 x 10-3
3.5 x 10-3
0.49
τb
283e
250
19

a

[kcal/mol]. b [µs]. c Calculated from experiment using Equations 28 and 29. d
Calculated using Equations 28 and 29. e Adjusted from 523 K. See section 5.3.5. f See
section 5.4.3.
5.4.2 Thermodynamic Integration
The blue-moon thermodynamic-integration technique was used to calculate the
free energy along the reaction pathway of water-assisted proton migration in H-MFI at
423 K. By constraining the dynamics to a hyper plane defined by Equation 24, different
configurations in all other degrees of freedom were sampled while calculating the
restoring force required to constrain the system to the reaction minimum-energy reaction
path at each time step. The principle degrees of freedom sampled during the simulation
are the translational and rotational degrees of freedom of the water molecule relative to
the fixed zeolite cluster, which correspond to in- and out-of-plane rocking of the
!
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water/hydronium ion in the sinusoidal channel of H-MFI. The two additional H atoms on
water not involved in the initial protonation step are also free to swap position by rotation
of the water molecule about the O1-OW axis (see Figure 5.1).
Convergence of the first term in Equation 1 is shown in Figure 5.5. The statistical
averaging begins after 2 ps, and the free energy barrier fluctuates between 6-10 kcal/mol
during the first 2 ps of sampling before converging to 8 kcal/mol. During the last 2 ps of
sampling, the free energy barrier changes by less than 0.05 kcal/mol and is converged
with a statistical error of 0.44 kcal/mol.
Figure 5.5. Helmholtz free energy
(423 K) [kcal/mol] of the proton
exchange by water in H-MFI
calculated by the blue-moon
thermodynamic
integration
technique as a function of
simulation time.

The representation of the zeolite lattice with a QM/MM method rather than
employing all-electron periodic boundary condition DFT substantially accelerates bluemoon thermodynamic integration simulations of zeolite-catalyzed reactions relative to
those reported previously. A comparative timing between our QM/MM method and
periodic all-atom QM calculations utilizing pseudopotentials was done to estimate time
savings. All timings were done on 12 cores of a 64-core 1.4 GHz AMD Opteron
processor allocated 24 Gb RAM, using OpenMPI parallelization libraries. The wall time
for energy and gradient evaluation performed with the optimized QM(T5)/MM(T459)
cluster in the absence of adsorbates at the B97-D/6-31G* level of theory was 40 s. The
wall time energy and gradient calculation done at the minimum geometry of the
equivalent periodic unit cell of H-MFI with the PBE exchange-correlation functional
used commonly in periodic DFT calculations was 58 min (3473 s), corresponding to an
approximate speed-up by the QM/MM method of 87-fold. This saving would be even
larger for hybrid or range-separated density functionals.
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Figure 5.6. Potential of mean
force (423 K) [kcal/mol/bohr] of
the proton exchange by water in
H-MFI calculated at various
states
along
the
reaction
coordinate.

The calculated potential of mean force, λ

ξ*

, along the proton migration reaction

pathway at 423 K is shown in Figure 5.6. A potential of mean force equal to zero
corresponds to stationary points on the free energy surface, either minimum free energy
configurations or free energy saddle points.
The potential energy minimum,
corresponding to ξ = -0.75 bohr, has a positive, non-zero free energy gradient indicating
that the potential energy and Helmholtz free energy minima do not coincide. Calculation
of the potential of mean force at more-negative values of ξ beyond the potential energy
reactant state show that the free energy minimum energy configuration lies at
approximately ξ = -1.4 bohr. The location of the free energy transition state determined
by sampling of the potential of mean force is close to the transition state determined by
potential energy surface optimization, ξ = 0.61 bohr. The slightly positive deviation from
zero of the free energy gradient at the potential energy transition state suggests that the
hydronium ion may sit farther away from the zeolite active site, at a value of ξ between
0.6 and 0.8 bohr.
The integrated potential of mean force, which gives the first term in Equation 17
for Helmholtz free energy along the reaction pathway of water-assisted proton migration
in H-MFI at 423 K, is shown in Figure 5.7. The integrated free energy barrier, before
1
metric tensor correction Zξ− 2 , is 8.25 kcal/mol. The Helmholtz free energy barrier of
water-assisted proton migration in H-MFI calculated at the B97-D/6-31G(d) level of
theory using blue-moon thermodynamic integration, including both terms in Equation 17,
is 8.89±0.44 kcal/mol, corresponding to a 1H NMR MAS correlation time of 2.5x10-3 μs.
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Figure 5.7. Helmholtz free
energy (423 K) [kcal/mol] of the
proton exchange by water in HMFI calculated by the blue-moon
thermodynamic
integration
technique.

5.4.3 Final Estimate of Proton-Hopping Correlation Time
The potential energy surface underlying the thermodynamic integration
calculations performed with B97-D exchange-correlation functional underestimates the
intrinsic Helmholtz free energy of activation compared with that measured
experimentally. While improvements in the estimate of ΔA‡ could be made by using the
ωB97X-D functional, the computational cost associated with running direct dynamics at
this level of theory is currently too high to perform such calculations routinely. For this
reason, we calculated the final estimate of ΔA‡ for proton migration in H-MFI using a
scheme that takes a post-harmonic approximation correction, defined as the difference
between the activation free energy calculated by thermodynamic integration and the qRRHO technique, 4.16 kcal/mol, (Table 5.2, “Correction”), and applies it to the
activation free energy calculated at the ωB97X-D/6-311++G(3df,3pd) level of theory
(Table 5.2, “Final Estimate”). The final estimate of the activation free energy barrier
obtained by this means is 13.33 kcal/mol. For comparison, we note that the activation
free energies calculated from the experimentally measured values of the τc by Equations
28 and 29 lie in the range of 16-20 kcal/mol. The difference between the average of the
experimental measurements and final predicted value of ΔA‡ is 5 kcal/mol. Therefore,
the correction obtained from TI provides a substantial improvement compared with the
values of ΔA‡ calculated using q-RRHO, 4.7 kcal/mol (B97-D) and 9.2 (ωB97X-D). The
corrected free energy barrier of 13.33 kcal/mol corresponds to a 1H NMR MAS
correlation time of 0.49 μs. The final estimate of the correlation time is improved by
three orders of magnitude by applying the post-harmonic correction, but it is still low
compared to the experimentally measured values of 19-283 μs.
5.5 Conclusion
A method for performing thermodynamic integration by constrained ab initio
molecular dynamics simulation through the blue-moon ensemble technique has been
99
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implemented in combination with a quantum mechanics/molecular mechanics (QM/MM)
approach for calculating the free energy of activation for zeolite-catalyzed reactions. The
integration of the blue-moon thermodynamic integration technique with energy and
gradient evaluations done by QM/MM accelerates such computations by about 87 times
compared to periodic boundary condition DFT calculations. The method has been
applied to water-assisted proton exchange in H-MFI and used to calculate a postharmonic correction to the calculation of activation free-energy at the ωB97X-D/6311++G(3df,3pd) level of theory with the q-RRHO thermodynamic correction technique.
The activation energy calculated at the ωB97X-D/6-311++G(3df,3pd) level of theory is
6.8 kcal/mol, and lies between the values determined from experimental measurement of
the correlation time for proton hopping, 4 kcal/mol and 11 kcal/mol. The RRHO and qRRHO corrections to the potential energy surface underestimate the entropy of activation,
and as a result the calculated correlation time for proton hopping is underestimated by
several orders of magnitude. The estimation of the correlation time for proton hopping is
improved by three orders of magnitude with the post-harmonic correction, and the
resulting free energy activation barrier is underestimated by about 5 kcal/mol compared
with the average of values determined from experimental measurements. The remaining
error in the activation free energy is presumably due to the calculation of the potential of
mean force with the B97-D functional. We show in Section 5.4.1 that calculations made
with the B97-D functional significantly underestimate the activation energy for proton
hopping compared with the value extracted from experimental measurements and similar
calculations done with the ωB97X-D functional. The “softness” in the potential along
the reaction coordinate could also affect orthogonal degrees of freedom, leading to an
underestimation of activation entropy determined from thermodynamic integration of the
potential of mean force. Generalized gradient approximation exchange-correlation
functionals such as B97-D are commonly applied in ab initio molecular dynamics and
periodic boundary condition DFT studies.
The results of this study raise the question
on whether these functionals are able to represent the potential and free energy surfaces
underlying zeolite-catalyzed reactions accurately. Additional comparisons of such
simulations with experiments are needed in order to determine whether these functionals
are sufficiently accurate for determining the activation free energy of elementary
processes occurring in zeolites by means of thermodynamic integration.
5.6 Supplementary Information
5.6.1. Nucleophilic Substitution of Chloromethane by Chloride Anion
The nucleophilic substitution of chloromethane by chloride anion was
investigated to test the implementation of blue-moon thermodynamic integration method
and compare the 0 K potential energy surface, 300 K (q-RRHO corrected) free energy
surface, and the 12K and 300 K free energy surface calculated from thermodynamic
integration.
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Geometry optimizations done on the potential energy surface were performed at
the HF/3-21G level of theory. During geometry optimizations, energies were converged
to 10-6 Ha and the maximum norm of the Cartestian gradient was converged to 10-3 Ha
bohr-1. Transition state guesses were obtained by a double-ended potential energy
interpolation method known as the Freezing String Method (FSM)42 and further refined
using partitioned rational function optimization (P-RFO).43 Frequency analysis was
performed to confirm the nature of each stationary point: there must be zero imaginary
frequencies for potential energy minima and exactly one for potential energy saddle
points. Single point energy calculations using the HF/3-21G optimized geometries were
performed with the exchange-correlation functional ωB97X-D40,41 and the triple-ζ,
augmented, polarized valence 6-311++G(3df,3pd) basis set to determine the final
reported energies. Single point energies were converged to 10-7 Ha and performed using a
standard integration grid, SG-1.
Figure 5.S1. The reactant state and
geometry of CH3Cl + Cl- calculated at the
HF/3-21G level of theory. Coordinate
labels rij and rkj refer to the two bond
lengths associated with the exchange
reaction coordinate.

rij

rkj

Figure 5.S2. Potential energy surface [kcal mol-1] diagram of the nucleophilic
substitution of CH3Cl by Cl- in coordinates rij (r1) and rkj (r2) and the intrinsic reaction
coordinate calculated by the growing string method calculated at the HF/3-21G level of
theory. The contour plot was produced by constrained optimization at fixed values of r1
and r2. The contour interval is 1 kcal/mol.
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Table 5.S1. Geometric description of the reaction coordinate for nucleophilic substitution
of CH3Cl by Cl- calculated by potential energy surface optimization.
rij [Å]
1.85
2.35

Reactant
TS

rkj [Å]
3.0
2.35

The geometric parameters selected to represent the reaction coordinate are shown
in Figure 5.S1 and summarized in Table 5.S1. The potential energy diagram [kcal/mol]
is shown in Figure 5.S2 along with the intrinsic reaction coordinate calculated by the
growing-string method. The reactant state is the van der Waals complex between CH3Cl
and Cl-. At the reactant state, the two C-Cl distances are ri j= 1.85 Å and rkj = 3.0 Å. The
transition state is symmetric, the two C-Cl distances are rij = rkj = 2.35 Å. The intrinsic
reaction coordinate is consistent with a back-side attack SN2 shows a shuttling of the
methyl CH3 group between the two Cl- atoms followed by an umbrella configuration
inversion of the CH3 group at the transition state. The potential energy surface in the
vicinity of the reactant state is shallow, reflecting the fact that the ion-dipole complex is
more loosely bound than the transition state. The activation energy ( ΔU ‡ ) predicted at
the HF/3-21G level of theory, 4.17 kcal/mol (Figure 5.S2, Table 5.S2), is significantly
lower than the final single point energy calculations done at the ωB97X-D/6311++G(3df,3pd) level of theory, 10.1 kcal/mol (Table 5.S2).
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Figure 5.S3. Potential of mean
force (12 K and 300 K)
[kcal/mol/bohr]
of
the
nucleophilic substitution of
CH3Cl by Cl- calculated by the
blue-moon
thermodynamic
integration technique at various
states along the reaction
coordinate.
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The free energy gradients from simulations at 12 K and 300 K are shown in
Figure 5.S3. The free energy minimum and saddle point are identified by the value of ξ
where the gradient vanishes. The 12 K minimum is located at ξ = -1.85 bohr and the
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transition state is located at ξ = 0.0 bohr, in good agreement with the static potential
energy surface calculations. At 300 K, the free energy transition state also occurs at ξ =
0.0 bohr, and the free energy minimum occurs at ξ = -2.05 bohr. The difference in the
location of the free energy minimum is caused by the increase of the ion-dipole complex
separation distance, rkj, which occurs due to extra thermal energy present within the
complex.
The convergence of the free energy gradients at the reactant state (ξ = -1.85 bohr)
and the transition state (ξ = 0.0 bohr) with simulation time are shown in Figure 5.4. The
free energy gradient at the potential energy transition state is essentially zero, which
means that the location of the free energy transition state and potential energy transition
state are similar for this reaction. The free energy gradient at the transition state is
converged after 5 ps. The free energy gradient at the reactant state is slower to converge.
After 15 ps, all free energy gradients are within 0.1 kcal/mol/bohr of their final value
after 160 ps for this simple reaction.
Figure 5.S4. Convergence of the potential of mean force (300 K) [kcal/mol/bohr] of the
nucleophilic substitution of CH3Cl by Cl- at the reactant state (left) and transition state
(right) with simulation time (ps).
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Figure 5.S5. Helmholtz free
energy (12 K and 300 K)
[kcal/mol] of the nucleophilic
substitution of CH3Cl by Clcalculated by the blue-moon
thermodynamic
integration
technique and the 0 K potential
energy surface [kcal/mol]
calculated by the Growing
String Method.
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The free energy profiles at T = 12 K and 300 K calculated by thermodynamic
integration, as well as the free energy profile at 0 K calculated by the Growing String
Method, are shown in Figure 5.3. The entropy contribution to the reaction barrier at 12 K
is negligible, and the profiles calculated with the blue-moon ensemble technique and the
growing-string method are nearly identical. This is a validation of the implementation of
the blue-moon thermodynamic integration technique, since the 0 K profile was calculated
by means of potential energy surface optimization while the 12 K profile was calculated
by the integration of the potential of mean force sampled during molecular dynamics
simulation. At 300 K, there is a noticeable shallowing of the free energy surface around
the minimum, indicating that the ion-dipole complex is more loosely-bound than at lower
temperatures. The activation free energy barrier determined by thermodynamic
integration at the HF/3-21G level of theory is 5.1 kcal/mol at 300 K.
The free energy barrier calculated by thermodynamic integration was used to
determine a post-harmonic correction to the free energy at the HF/3-21G level of theory
(See Section 5.4.3). The final reported free energy barrier was calculated with the
activation energy barrier determined at the wB97X-D/6-311++G(3df,3pd)//HF/3-21G
level of theory and the post-harmonic corrected entropy calculated at the HF/3-21G level
of theory (Table 5.S2, “Final Estimate”). The entropy and free energy calculated at the
HF/3-21G level of theory using the q-RRHO method are given in Table 5.S2. At 300 K,
the thermal contribution (-TΔS) is 0.84 kcal/mol, and the calculated activation free
energy barrier is 5.0 kcal/mol. We determine the post-harmonic correction (Table 5.S2,
“Correction”) to be 0.13 kcal/mol. Due to the few, harmonic ( ν i >200 cm-1) degrees of
freedom orthogonal to the reaction coordinate, good agreement between the free energy
determined by thermodynamic integration and the q-RRHO method, resulting in a small
post-harmonic correction, is not surprising. The final estimate of the activation free
energy barrier is 11.1 kcal/mol, compared with the experimental value measure by ion104
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beam experiments to be 13.2±2.2.57 We conclude that our implementation of the blue
moon thermodynamic integration technique is consistent with both potential energy
surface calculations done by the Growing String Method as well as experimental
measurements.
Table 5.S2. Thermodynamics of nucleophilic substitution of CH3Cl by Cl- at 300 K
calculated with the quasi rigid-rotor, harmonic oscillator technique (q-RRHO) and bluemoon thermodynamic integration (TI) technique, compared with experiment.
HF q-RRHOb
TIb
Correctiond
ωB97X-D q-RRHOc
Final Estimatec,d
Experiment57

ΔU ‡ a
4.2
--10.1
10.1
--

−TΔS ‡ a
0.84
-0.13
0.84
0.97
--

ΔA‡ a
5.0
5.1
-10.9
11.1
13.2±2.2

a

[kcal/mol]. b HF/3-21G level of theory. c ωB97X-D/6-311++G(3df,3pd)//HF/3-21G
level of theory. d See Section 5.4.3 for details on calculation.
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