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CONSPECTUS: Atomistic understanding of complex surface phenomena such
as heterogeneous catalysis or storage and separation of energy-relevant gases in
nanoporous materials (zeolites; metal−organic frameworks, MOFs) requires
knowledge about reaction energies and energy barriers for elementary steps. This
is difficult to obtain from experiment since the number of possible chemical,
adsorption/desorption, and diffusion steps coupled to complex reaction
networks is large, and so is the number of possible surface sites. Here is an
important role of quantum chemistry which can provide rate and equilibrium
constants for elementary steps “ab initio.” To be useful, the predictions have to reach chemical accuracy (4 kJ/mol) which is
difficult to achieve because realistic models of the surface systems may comprise of the order of a thousand atoms. While density
functional theory (DFT) as a rule cannot be trusted to yield results within chemical accuracy limits, methods that are accurate
enough (Coupled Cluster with Single, Double, and perturbative Triple Substitution, CCSD(T)) cannot be applied because of
their exponential scaling with system size.
This Account presents a hybrid high-level−low-level quantum method that combines DFT with dispersion for the full periodic
system with second order Møller−Plesset perturbation theory (MP2) for the reaction site within a mechanical embedding
scheme. In addition, to check if MP2 is accurate enough, we calculate Coupled Cluster (CC) corrections with Single, Double,
and perturbatively treated Triple substitutions (CCSD(T)) for sufficiently small models of the reaction site. This multilevel
hybrid MP2:DFT-D+ΔCC method is shown to yield chemical accuracy for a set of 12 molecule−surface interaction systems for
which reliable experimental data are available. For CO/MgO(001), the history of the experiment−theory comparison illustrates
two problems: (i) Do experiment and theory look at the same surface site? (ii) Does theory calculate the same quantity as
derived from experiment?
The hybrid MP2:DFT-D+ΔCC data set generated includes the MgO(001) surface, the Mg2(dobdc) metal−organic framework,
and the proton forms of the CHA and MFI zeolites interacting with the H2, N2, CO, CO2, CH4, and C2H6 molecules. It serves
two purposes. First, it will be useful for testing density functionals with respect to their performance for molecule−surface
interactions. Second, it establishes the hybrid MP2:DFT-D+ΔCC method as a reliable and powerful tool for ab initio
predictions of adsorption and reaction energies as well as energy barriers when testing reaction mechanisms. For adsorption of
small molecules in MOFs, isotherm predictions have reached a level of accuracy that deviations between theoretical predictions
and experiments indicate sample imperfections. For elementary steps of the industrially important methanol-to-olefin process,
our hybrid MP2:PBE+D+ΔCC calculations yield rate constants in agreement with experiment within chemical accuracy limits,
finally achieving for molecule−surface reactions which was possible so hitherto only for gas phase reactions involving not more
than 10 atoms.

■ INTRODUCTION
The general theory of quantum mechanics is now almost
complete... the difficulty is only that the exact application of
these laws leads to equations that are much too complicated
to be soluble. It therefore becomes desirable that
approximate methods of applying quantum mechanics
should be developed, which can lead to an explanation of
the main features of complex atomic systems without too
much computation. (Paul Dirac)1

Atomistic understanding of complex surface phenomena such
as heterogeneous catalysis or storage and separation of energy-
relevant gases in nanoporous materials (metal−organic frame-
works − MOFs, zeolites) requires knowledge of reaction
energies and energy barriers for elementary steps. This is
difficult to obtain from experiment alone since many chemical
transformation, adsorption/desorption, and diffusion steps are

coupled into complex reaction networks, and there is usually a
distribution of different active sites. Here is an important role
of quantum chemistry which can provide rate and equilibrium
constants for critical elementary steps “ab initio.” To be useful,
the predictions have to be “chemically accurate” (error of
about 1 kcal/mol to 4 kJ/mol) which is difficult to achieve
because realistic models of the surface systems may comprise
of the order of a thousand atoms.
While, as a rule, density functional theory (DFT) cannot be

trusted to make predictions within chemical accuracy limits,2−4

methods that are accurate enough (Coupled Cluster with
Single and Double and Perturbative Triple Substitution,
CCSD(T))5,6 cannot be applied because of their exponential
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scaling with the system size.7 Despite the fantastic progress
made over the last decades in numerical quantum chemistry,
the development of “approximate methods of applying
quantum mechanics” to “complex atomic systems without
too much computation”1 has remained a challenge since the
early days of quantum mechanics.
To cope with the huge computational problem of quantum

mechanical (QM) calculations for large chemical systems, we
apply a divide and conquer strategy that departs from two
observations: (i) The highest QM level is not for all points of a
potential energy surface (PES) required and (ii) the highest
QM level is not for the whole system required.
Our hybrid high-level QM−low-level QM method combines

DFT with dispersion8 for the full periodic system with second
order Møller−Plesset perturbation theory (MP2) for the
reaction site.9−13 We use a mechanical embedding
scheme14−16 for structure optimization at the QM:QM level,
and we calculate the difference between CCSD(T) and MP2 as
single point energies at minima and saddle points of the PES
for sufficiently small models of the reaction site.10 This defines
a multilevel (hybrid MP2:DFT-D+ΔCC) method in the spirit
of Pople’s “model chemistry”, for example, his G2 or G3
methods,17 but with the “model size” as another dimension in
addition to the “electronic structure method,” “basis set,” and
“structure optimization dimensions”. Figure 1 shows the
hierarchy of models that has been adopted for the methylation
of propene in the cavity of the zeolite H-MFI.18

Our hybrid high-level cluster:low-level periodic approach
shares with Morokuma’s Integrated MO:MO (IMOMO)
approach which later became ONIOM,19 the mechanical
embedding (“subtractive”) scheme for calculating energies and
forces of a smaller cluster embedded in a larger system,16 but
goes beyond ONIOM as periodic boundary conditions can be
applied at the low level.14,15

With mechanical embedding, the high-level wave function
“feels” the environment only via changes of the structure,
whereas the electronic interactions between the two regions
are described at the low level only. Electronic embedding
schemes face the problem of nonadditivity of the kinetic
energy,21 but approximations have been proposed and efficient
tools have been developed that can be applied to large
chemical systems.22−24 Without structure optimization at the

hybrid level, subtractive schemes have been previously used to
add high-level corrections for cluster models to low-level
periodic calculations, e.g., for adsorption of small molecules on
the MgO(001)25 and TiO2(110) surfaces.

26

■ HYBRID HIGH-LEVEL QM: LOW LEVEL QM
METHODS

The hybrid MP2:DFT-D energy is defined by the subtractive
scheme:

E E E E

E E

(pbc, C) (pbc) (C) (C)

(C) (pbc, C) (pbc) (C)
HL:LL LL LL HL

HL LR LL HL

= − +

= + Δ = + Δ
(1)

The low-level (LL) energy of the surface model, ELL(pbc), is
obtained by a DFT calculation with periodic boundary
conditions (pbc) and the high-level (HL) energy of the
cluster, EHL(C), by a molecular calculation. The low-level
energy of the cluster, ELL(C), is obtained by applying the same
low-level method as used for the surface model. Thus, the
long-range correction, ΔLR(pbc,C), in eq 1 is evaluated at the
low level, whereas the high-level correction, ΔHL(C), is
evaluated for the cluster.
Structure optimizations are also performed on the hybrid

MP2:DFT-D potential energy surface using forces f defined
according to14,15

f f f f(pbc) (pbc) (C) (C)HL:LL LL LL HL= − + (2)

We employ the MonaLisa code13 which allows to make use of
energies and forces that are extrapolated to the complete basis
set (CBS) limit27−29 and counterpoise corrected (CPC) for
the basis set superposition error (BSSE).30

To minimize boundary effects, we terminate the high-level
(MP2) cluster models for zeolites and MOFs with hydrogen
atoms.31 For ionic crystals like MgO, we found that embedding
in point charges and full-ion effective core potentials does not
have advantages compared to properly designed models
without such embedding, in particular not when large polarized
basis sets are used.12 We refer to the original publications for
details and stress that the right choice can be explored based
on the magnitude of the long-range correction, ΔLR(pbc, C).
This requires calculations at the low, DFT-D, level only, for the
periodic system which one needs anyway, and for the cluster
model which is very fast.
The MP2 calculations on cluster models cure two

deficiencies of DFT calculations:32,33

(i) Insufficient description of dispersion. Among the
different possibilities to account for dispersion in DFT (we
will write DFT-D in the following),8 we prefer the simplest one
- augmentation of existing exchange-correlation functionals
with semiempirical atom-pair 1/r6 terms as customized by
Grimme (D2 parametrization).34 We have implemented an
Ewald-like summation of the 1/r6 terms,32 thus avoiding cutoff
parameters, and have shown that the atomic parameters
derived for alkaline and alkaline-earth atoms are not applicable
to the respective cations in ionic crystals. For Mg2+, we found
that the Mg parameters derived for atoms should be replaced
by those of the isoelectronic noble gas atom (Ne).11

(ii) Self-interaction correction (SIC) error. With periodic
boundary conditions (pbc) almost exclusively functionals of
GGA-type (Generalized Gradient Approximation) are applied
which−due to SIC errors - typically overstabilize polar
structures such as carbenium ions in zeolites33 and predict to

Figure 1. Hierarchy of models and methods for hybrid MP2:DFT-D
+ΔCC calculations for the methylation of ethene on the Brønsted site
of zeolite H-MFI. Adapted with permission from ref 20. Copyright
2016 John Wiley and Sons. The unit cell of the periodic structure is
used for DFT calculations, whereas the colored ball-and-stick part
shows the cluster model for MP2 calculations. The inset shows the
model adopted for single point CCSD(T) calculations.
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low energy barriers.3 For example, for the methylation of
alkenes in zeolite H-MFI, after accounting for dispersion, we
obtained systematically too low energy barriers.18,20 Because
the SIC error is rather localized at the reaction site and
converges quickly with the cluster size,32,33 the size of the MP2
cluster model in hybrid MP2:DFT-D calculations can be rather
limited, see ref.35 for a recent example.
For the hybrid MP2:DFT-D structure optimization, typically

complete basis set (CBS) extrapolation with augmented triple-
ζ and double-ζ basis sets would be used, CBS(D,T). To
examine the effect of basis set extension, Δbasis, single-point
CBS(T,Q) or CBS(Q,5) calculations with quadruple (Q) or
quintuple (5) basis sets may be performed., e.g.,

E ECBS(Q, 5) CBS(D, T)basis MP2 MP2Δ = [ ] − [ ] (3)

To examine the effect of convergence with the cluster size,
ΔLR(pbc, C) = ELL(pbc) − ELL(C) is evaluated for a second,
larger cluster Clarge. If the hybrid scheme worked perfectly,
EHL:LL should not be affected and any change in EDFT‑D(C)
should be compensated by the corresponding change in EMP2,
i.e., the ratio

F
E E

E E

(C ) (C )

(C ) (C )

MP2
large

MP2 opt

DFT D
large

DFT D opt

=
−

−‐ ‐ (4)

should be 1. In practice, it is not, but as suggested previously36

the ratio F can be used to improve EMP2:DFT‑D by scaling ΔLR.

E E

F

(pbc) (pbc, C )

(C )

MP2 MP2:DFT D opt basis

LR large

≈ + Δ

+ ·Δ

‐

(5)

As a final step, at the hybrid MP2:DFT-D equilibrium
structures, CCSD(T) “single point” calculations are carried
out for smaller cluster models, CCC. CCSD(T) correlation
effects are estimated as ΔCCSD(T) = ECCSD(T) − EMP2 differences,
and the final estimate of the CCSD(T) energy for the periodic
system becomes

E E(pbc) (pbc) (C )CCSD(T) MP2 CCSD(T) CC≈ + Δ (6)

Our standard computational protocol involves the following
steps:37

(1) DFT-D calculations
(1a) structure optimization
(1b) harmonic force constants for characterizing stationary

points and vibrational energies
(1c) zero-point vibrational energies, thermal enthalpy con-

tributions
(2) hybrid MP2:DFT-D structure optimizations
(3) single point calculations at the hybrid MP2:DFT-D

structure
(3a) MP2 cluster calculations with larger basis sets for than

used in optimization
(3b) second (larger) cluster size for scaling ΔLR
(4) CCSD(T) single point calculations for a smaller cluster

Sometimes, the MP2:DFT-D structure optimization (step2)
can be skipped and all calculations are performed as single-
point calculations at the DFT-D structure.

■ SYSTEMS WITH CHEMICALLY ACCURATE
MOLECULE−SURFACE INTERACTION ENERGIES

Our hybrid MP2:DFT-D+ΔCC method has been applied to a
set of 12 molecule−surface interactions for which experimental
data were available:

(i) adsorption of CO,12,37 as well as CH4 and C2H6 on the
MgO(001) surface13

(ii) adsorption of H2 in MOF-5,38 and of CO39 and CO2
40

in MOF Mg2(dobdc) with dobdc4− = 2,5-dioxido-
benzendicarboxylate

(iii) adsorption of CH4, C2H6, and C3H8 in zeolite H-
chabazite41

(iv) energy barriers for methylation reactions of small alkenes
in zeolite H-MFI20

In the absence of periodic boundary CCSD(T) results for
molecule−surface interactions, comparison with experiments is

Table 1. Molecule−surface Interactions for Which Agreement between Experiment and ab Initio Calculations Has Been
Achieved within Chemical Accuracy Limitsa

ΔE ΔE ΔEref ΔE − ΔEref ΔH

system PBE+D2 hybrid expt ref dev expt

CO/MgO(001) −22.1 −21.2 ± 0.537 −20.6 ± 2.412 −0.6 ± 2.9 −16.544

CH4/MgO(001) −14.8 −14.0 ± 1.013 −15.0 ± 0.6 1.0 ± 1.6 −12.245

C2H6/MgO(001) −23.9 −23.3 ± 0.613 −24.4 ± 0.6 1.1 ± 1.2 −22.145

H2/MOF-5 −9.6 −8.0 ± 0.438 −8.1 ± 0.8 0.1 ± 1.2 −6.6;46 −6.3 ± 0.547

CO/CPO-27-Mgb −41.5 −43.3 ± 1.439 −43.8 ± 1.0 0.5 ± 2.4 −39.8 ± 1.048

CO2/CPO-27-Mgb −41.5 −48.840 −46.2 −2.6 −43.549

CH4/H-CHA −34.7 −25.341 −27.2 1.9 −17.0
C2H6/H-CHA −45.8 −36.241 −33.5 2.7 −27.5
C3H8/H-CHA −57.3 −46.741 −43.8 2.9 −37.6

ΔE‡ ΔEref
‡ ΔE‡ − ΔEref

‡ ΔH‡

barriers PBE+D2 hybrid expt ref dev expt
C2H4/CH3OH·H-MFI 79.2 93.620 93.4 −0.2 10450

C3H6/CH3OH·H-MFI 32.7 51.920 53.4 1.5 6451

C4H8/CH3OH·H-MFI 17.6 32.520 29.4 −3.1 4051

aPBE+D2 and hybrid MP2:PBE+D2+ΔCC energies and energy barriers, ΔE and ΔE‡, respectively, reference energies derived from experimental
enthalpies (see eq 7), ΔEref, and ΔEref

‡, as well as experimental enthalpies, ΔHT, and ΔHT
‡, all in kJ/mol. bMetal−organic framework with

Mg2(dobdc) composition, dobdc4− = 2,5-dioxido-1,4- benzenedicarboxylate, also known as Mg-MOF-74, loading 1:1: one molecule on each Mg2+

ion.
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the way to judge the performance of our hybrid MP2:DFT-D
+ΔCC method. Making this comparison, first, we need to be
aware of the accuracy limits of CCSD(T) itself, for which ±2
kJ/mol may be a fair judgment.42,43

Further, we need to make sure that we do not compare
apples and oranges. Whereas QM calculations report energies
of adsorption (bottom of the potential energy well), ΔE,
experiments usually yield enthalpies of adsorption, ΔHT, that
depend on temperature, T. For comparison with QM energies
we need to convert the enthalpies into “experimentally
derived” reference energies, ΔEref, taking zero-point vibrational
energies, ΔEZPV, and thermal enthalpy changes, ΔTΔH, into
account.12,41

E H H

E

(exp) (DFT D)

(DFT D)
T Tref

ZPV

Δ = Δ − Δ Δ −

− Δ − (7)

The latter we calculate from vibrational partition functions
using our low-level method (DFT-D) which adds some
uncertainty (of the order of 0.5 kJ/mol) to the uncertainty of
the experimental values.
Table 1 shows that for all 12 systems, agreement between

QM calculations and experiment has been reached within
chemical accuracy limits. For the reaction of ethene, propene,
and 1-butene with methanol in zeolite H-MFI, kinetic
experiments have been performed in such a way that reliable
reaction rates and activation energies for single reaction steps
could be obtained and serve as benchmark for quantum
chemical calculations.18 For these reactions, hybrid MP2:PBE
+D2+ΔCC calculations (see Figure 1 for the models used) not
only yielded enthalpy barriers in agreement with experiment
within chemical accuracy limits (Table 1), but also the
predicted pre-exponentials (activation entropies) and rate
constants showed agreement with experiment within 1 order of
magnitude.20 This was only possible because anharmonicity
was included in the vibrational partition functions within
transition state theory.
The data set in Table 1 serves two purposes:
First, it demonstrates that the hybrid MP2:DFT-D+ΔCC

method is a reliable and powerful tool for ab initio predictions
of adsorption and reaction energies as well as energy barriers
when testing reaction mechanisms, see refs.33,35,52 A few
examples will be presented below.
Second, it will be useful for testing density functionals (and

other approximate QM methods or force fields) with respect to
their performance for molecule−surface interactions, and as
such will constitute a significant extension of test sets available
in the literature for many other types of chemical interactions.
Our test results for different ways of including dispersion in
DFT will be published elsewhere. The PBE+D2 results in
Table 1 have been obtained as low-level part of our hybrid
approach. Their deviation from the hybrid results varies widely,
from less than 4 kJ/mol (chemical accuracy) to as much as 10
kJ/mol for hydrocarbon adsorption or up to 20 kJ/mol for
energy barriers.

■ CO ON MgO(001): THE HYDROGEN MOLECULE
OF SURFACE SCIENCE

Quantum mechanics was not considered right before agree-
ment between experiment (Herzberg) and theory (Kołos and
Wolniewicz) had been reached for the dissociation energy of
the H2 molecule.53 A quantum mechanical method will not get
molecule−surface interactions right if it does not get CO

adsorption on the MgO(001) surface right. The story of
attempts to meet this challenge has been told by Pacchioni54

until the year 2000 (see also ref 55), and it is continued here
into the new millennium; see Figure 2.

There are two questions: Do experiment and theory yield
the same physical quantity? (ΔH vs ΔE; see above), and do
experiment and theory look at the same surface site? In
experiment, even if the sample exposes a defined crystallo-
graphic plane like MgO(001), defects and multilayer
desorption may lead to peaks in the temperature-programmed
desorption (TPD) plot, and it was not before the crucial study
of Kuhlenbeck, Freund and co-workers56 that a desorption
peak at 57 K was safely assigned to the five-coordinated terrace
sites on the MgO(001) surface. The surface coverage also
matters. Lateral interactions can be either repulsive, as the
dipole−dipole interactions for CO/MgO(001), or attractive, as
the dispersion interactions for CH4/MgO(001). When cluster
calculations are performed, they refer to isolated sites, i.e., a
coverage approaching zero. In contrast, when periodic
boundary conditions are applied, low coverages would require
large unit cells, but to cope with the exponential increase in
computer resources with system size, often small unit cells are
chosen corresponding to unrealistically high loadings. In our
study on CO/MgO(001),12,37 we occupy 1/8 of the Mg2+

terrace sites with CO and compare with an experimental
value44 for the same coverage.
When Pacchioni wrote his review on CO/MgO(001),54

experiment56 and calculations seemed to have converged to a
value close to 10 kJ/mol for the adsorption energy;54,55 see
Figure 2. Two years later, this was confirmed by the hybrid
MP2:B3LYP calculations of Damin and Ugliengo who
obtained 12.7 kJ/mol,25 in apparently close agreement with
experiment (13.5 kJ/mol).56 Moreover, in 2004, the
experimental result for the single crystal surface had seemingly
been confirmed with high surface area powder samples.57 A
ΔH value of 12.5 ± 0.1 kJ/mol was obtained from a van’t Hoff
plot (Figure 22 in ref 57) assuming a linear relation between
IR intensity and surface coverage and based on a Langmuir
isotherm. The difference of 1.5 kJ/mol from a previous IR
derived ΔH value (11 kJ/mol)58 was ascribed to differences in
the integration over the CO band shape which already hints to
an uncertainty of at least 1.5 kJ/mol for ΔH values derived
from temperature dependent IR spectra, but the uncertainty

Figure 2. Binding energies (kJ/mol) of CO on the MgO(001)
surface: experiment and theory over the years. Data from ref 55,
augmented with data mentioned in the text.
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may be much larger. For CO adsorbed in MOF Mg2(dobdc)
which shares with the MgO(001) surface the 5-fold
coordinated Mg2+ sites, the IR derived ΔH value is 6 kJ/mol
less binding than the value derived from the isotherm
measurements.39

With the hybrid MP2:DFT-D+ΔCC method presented in
this Account, we obtained a binding energy of 21.0 kJ/mol
with an estimated uncertainty of ±1 kJ/mol.12 The apparent
deviation from experiment was 7.5 kJ/mol, clearly outside the
chemical accuracy range. We dared to submit the manuscript,
and a helpful reviewer told us that we had overlooked another
TPD study already published in 2001 which reported a
desorption energy of 18.5 ± 2.0 kJ/mol.44 Now the calculated
energy agreed with the experimental reference energy (20.6 ±
2.4 kJ/mol, Table 2) within 0.4 ± 3.4 kJ/mol. Recently, we

repeated the hybrid MP2:DFT-D+ΔCC calculations improv-
ing on both the hybrid MP2:DFT-D optimization and the
CCSD(T) calculations.37 The binding energy (21.2 ± 2.4 kJ/
mol) changed by 0.2 kJ/mol only, which demonstrates the
stability of our hybrid MP2:DFT-D+ΔCC method with
respect to reasonable choices of the details of the computa-
tional protocol.
Why were the two TPD results so different? As usual, ref 56

applied the Redhead equation to convert the desorption
temperature into a desorption energy, which requires a guess
of the pre-exponential. The common value of 1013 was chosen.
In contrast, Dohnaĺek et al.44 measured TPD curves for

different loadings. Fitting them based on the Polanyi−Wigner
equation not only provided coverage dependent desorption
energies but also yielded a value of 1015±2 for the pre-
exponential.
For both TPD experiments, Table 2 shows the conversion of

experimental ΔH values in experimentally derived reference
ΔE values according to eq 1. Moreover, TPD desorption
energies are Arrhenius activation energies of desorption, EA,
which differ from the desorption enthalpy by RT (R is the gas
constant)

H E RTT AΔ = − (8)

Table 2 shows that previous quantum chemical studies25,54

should have made comparison with the energy value of 16.5
kJ/mol rather than with the Arrhenius barrier of 13.5 kJ/mol
reported by Wichtendahl et al.56 However, the proper
reference value derived from the TPD experiments of
Dohnalek et al. is 20.6 ± 2.4 kJ/mol, 7 kJ/mol larger than
the experimental value used as benchmark before. This
difference is far outside the chemical accuracy range which
underlines the importance of proper analysis of experimental
results when assessing the accuracy of QM results.

■ ADSORPTION ISOTHERMS AND STRUCTURAL
IMPERFECTIONS OF MOFs

With the hybrid MP2:DFT-D+ΔCC method presented, the
prediction of adsorption isotherms for MOFs has reached a
level of accuracy that structural surface models can be tested;
i.e., deviations between predicted isotherms for the ideal
structure and measured isotherms may point to imperfections
of the sample. For H2 in MOF-5,38 Figure 3 (left) shows
deviations between measured isotherms that are clearly outside
the estimated uncertainty range of the calculations (0.4 wt % at
40 bar).38 That the measured pore volumes of samples
synthesized in 1999 and 2005 increased from 1.05 to 1.56
cm3/g59 also underlines the role of the sample quality. The lack
of reproducibility of measured adsorption isotherms has
become a major concern for the rational design of improved
MOFs.60

The CH4/Mg2(dobdc) adsorption isotherms (Figure 3,
right) calculated for the ideal material overestimate the
predicted excess amounts of adsorbed CH4, which indicates
that parts of the sample are not accessible for guest molecules.
Indeed, measured isosteric heats of adsorption as function of

Table 2. Derivation of “Experimental” Reference
Desorption Energies from TPD Experiments (kJ/mol)

expt

Wichtendahl et al.56 Dohnalek et al.44

pre-exponential, log ν (s−1) 13 15 ± 2
Ed

A 13.5 ± 1.1a 18.5 ± 2.0b

T/K 57 60
−RT − ΔH(T)c −1.9 −1.9
−ΔEZVP

c 4.0 ± 0.4d 4.0 ± 0.4d

Ed 16.5 ± 1.5 20.6 ± 2.4
aUncertainty due to change of pre-exponential by 1 order of
magnitude. bFor coverage θ = 1/8. cHarmonic wavenumbers from
PBE+D2 slab calculations. dFor uncertainty estimate, see ref 12,
section 4.1.

Figure 3. Adsorption isotherms. Hybrid QM:QM calculations for ideal crystalline structures compared to experiment. Left: H2 in MOF-5. Adapted
with permission from ref 38. Copyright 2009 American Chemical Society. Blue line, calculations for the ideal material; symbols (squares, dots,
triangles), different experiments. Right: Excess adsorption isotherms for CH4 in Mg2(dobdc) at two different temperatures. Adapted with
permission from ref 61. Copyright 2012 American Chemical Society. Dashed line, calculations for the ideal material; solid lines, calculations which
assume experimentally determined availability (78%) of adsorption sites; symbols (diamonds and triangles), experiment.
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loading suggest that only 78% of the sites in this crystal are
available for adsorption, “because of a reduced rate of diffusion
at such loadings or because the remaining metal sites are
physically obstructed from access because of defects in the
crystal structure.”62 Figure 3 shows that calculated isotherms
assuming 78% available sites are in good agreement with
measured isotherms.

■ REACTION MECHANISMS IN ZEOLITE CATALYSIS
Catalytic hydrocarbon conversion and synthesis by zeolites
involve complex reaction networks with many chemical
transformation adsorption/desorption and diffusion steps.
Experimental Information about individual elementary steps
or short-lived intermediates is difficult to get from experiments
which makes discrimination between different mechanistic
proposals difficult if not impossible. Here is an important role
of computational chemistry, but to be useful predictions have
to be made with chemical accuracy.
Carbocations are often postulated as intermediates, but

conclusive experimental evidence for the existence in zeolites
of the smallest, possibly stable species, the tert-butyl cation
could not be produced so far. Hybrid MP2:PBE+D2+ΔCC
calculations for zeolite H-FER confirmed that the tert-butyl
cation is a (meta-)stable intermediate but showed that it is
about 36 kJ/mol less stable than the isobutoxide and 50 kJ/
mol less stable than the parent isobutene adsorbed at the
Brønsted site (enthalpies at 298 K).10,33 Since the entropy loss
is larger for the framework-bound alkoxide than for the mobile
carbenium ion, the latter becomes relatively more stable with
increasing temperature. In contrast, the difference between
carbenium ion and adsorbed alkene does not change because
they are equally mobile.63 The barrier separating the tert-butyl
cation from the adsorbed isobutene is 17.5 ± 5.0 kJ/mol. This
translates into an estimated half-life time of 10−450 μs for the
tert-butyl cation once it is formed,33 which is probably not long
enough for detection by NMR.
For the alkylation of benzene with ethene on zeolite H-MFI

hybrid MP2:PBE+D2+ΔCC adsorption enthalpies and in-
trinsic enthalpy barriers have been calculated for both a one-
step and a two-step mechanism. The conclusion has been
reached that, under experimental conditions, the reaction
proceeds in one-step and is apparent with respect to ethene
and intrinsic with respect to benzene. The calculated apparent
activation energy (66 kJ/mol) agrees with experiment (58−76
kJ/mol) within experimental uncertainty limits.
The consecutive methylations of small alkenes with

methanol18,20,50,51 (see also Table 1) are crucial steps of the
hydrocarbon pool mechanism for industrially relevant zeolite-
catalyzed methanol-to-olefine (MTO) and methanol-to-hydro-
carbon (MTH) processes which are of topical interest because
C−C bonds are formed from C1 species. A single-point variant
of hybrid MP2:PBE-D3 calculations has been recently used to
calculate rate constants for 42 steps of the MTO initiation
reactions and 63 steps of the autocatalytic alkene cycle for
zeolite H−CHA.64 A microkinetic model showed that first
methanol is dehydrogenated to CO which subsequently reacts
with methanol forming the first C−C bond. Our hybrid
MP2:PBE+D2+ΔCC method has been employed to make
predictions for enthalpies and entropies of methanol (and
ethanol) adsorption in H-MFI.65

Proton exchange is the most elementary reaction step in
alkane activation by zeolitic Brønsted sites. For methane in H-
MFI and H-FER, apparent barriers between 108 and 117 kJ/

mol have been predicted by hybrid MP2:PBE+ΔCC
calculations in agreement with barriers derived from NMR-
(H-MFI) and IR (H-FER) experiments.66 In H-MFI, 50−60
kJ/mol lower barriers have been measured for i-butane than for
n-butane, both using NMR67 and batch reactor experiments;
see Figure 4. This has triggered a debate whether proton

exchange occurs directly via carbonium type transition
structures67 or indirectly via hydride transfer between the
alkane and a tert-butyl carbenium.68,69 To solve this
mechanistic problem, hybrid MP2:PBE+D2+ΔCC calculations
of enthalpy barriers have been performed.35 A change to the
indirect proton exchange mechanism with i-butane could be
excluded, because the barrier for dehydrogenation of i-butane
that would create a tert-butyl cation is much too high, 188 and
132 kJ/mol for the intrinsic and apparent enthalpy barrier,
respectively, at 500 K. The predicted intrinsic and apparent
barriers for the direct proton exchange step are the same for i-
butane as for n-butane within 2−5 kJ/mol. Given that the
calculations are chemically accurate, this implies that the
observed i-butane reactivity cannot be rationalized with the
ideal zeolite structure featuring bridging hydroxyls as Brønsted
acid sites as assumed in the calculations. This points to a
possible involvement of other active sites with i-butane, for
example, in connection with extraframework aluminum
species. Indeed, Schoofs et al. observed for i-butane that
“...in the absence of extra-lattice aluminum, the [proton]
exchange rate is zero or very small.”69 and Lercher and co-
workers showed that the “activity [of H-MFI catalysts] passes
through a maximum for zeolites having experienced short
steaming durations” and explained this with formation of
“transient partially framework-bound Al-species”.70 We also
note that the proton exchange experiments on n-butane and i-
butane have not been made on the same sample and the
conclusion has been reached “that further clarification needs
experimental studies that compare n-butane and i-butane on
the same set of H-MFI samples with as much as possible
control and characterization of such species.”35

■ CONCLUDING REMARKS
Up to now, the prediction of energy barriers and rate constants
“with an accuracy comparable to (or even exceeding)
experimental precision”71 was possible only for gas phase
reactions involving not more than ten atoms. The hybrid

Figure 4. Intrinsic (intr) and apparent (app) enthalpy barriers
compared to NMR experiments (NMR) and batch recirculation
reactor experiments (batch), respectively, for n-butane and i-butane in
zeolite H-MFI. Data from ref 35.
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MP2:PBE+D2+ΔCC predictions of energy barriers and rate
constants for the methylation of alkenes in zeolites show that
this goal has finally been reached also for molecule−surface
reactions. In a highlight article, Richard Catlow states:72

“...Chemical accuracy has been achieved for real and significant
catalytic processes. We now have procedures that will enable
the calculation of reaction rates for heterogeneously catalyzed
reactions within experimental error” and he concludes
“...computational modelling has now reached the stage where
it can provide reliable and quantitative rates of catalytic
reactions, and this achievement is a very significant milestone
in the field.”
The subtractive hybrid QM:QM scheme for molecule−

surface interactions presented here has the advantage that it is
perfectly scalable and immediately can take advantage of
improved algorithms and implementations of MP2 or
CCSD(T) codes. It is also general enough to envision its
future extension to systems for which MP2 is no longer a good
first approximation and/or CCSD(T) does not yield chemical
accuracy. This includes cases that require a multireference
treatment as high-level method or cases that involve metal
surfaces for which RPA (random phase approximation)73,74

could be considered as high-level method.
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