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Germany

*S Supporting Information

ABSTRACT: Heats of adsorption of methane, ethane, and
propane in H-chabazite (Si/Al = 14.4) have been measured and
entropies have been derived from adsorption isotherms. For
these systems quantum chemical ab initio calculations of Gibbs
free energies have been performed. The deviations from the
experimental values for methane, ethane, and propane are below
3 kJ/mol for the enthalpy, and the Gibbs free energy. A hybrid
high-level (MP2/CBS): low-level (DFT+dispersion) method is
used to determine adsorption structures and energies. Vibra-
tional entropies and thermal enthalpy contributions are obtained from vibrational partition functions for the DFT+dispersion
potential energy surface. Anharmonic corrections have been evaluated for each normal mode separately. One-dimensional
Schrödinger equations are solved for potentials obtained by (curvilinear) distortions of the normal modes using a representation
in internal coordinates.

1. INTRODUCTION

A quantitative theory of heterogeneous catalysis requires
accurate knowledge of thermodynamic functions for all
elementary steps such as adsorption, chemical transformations,
and desorption. For example, the compensation between
increasing alkane adsorption energies in zeolites and increasing
entropy loss1 has been invoked to explain the variation of
cracking rates with chain size.2 Reliable methods for their
calculations being missing, the role of entropy and enthalpy in
stabilizing transition states in zeolite catalysis remained
controversial.3 Most often, adsorption entropies and desorption
pre-exponential factors are estimated using simple models,4

whereas experimental values for molecule−surface interactions
are scarce.1,5

Statistical thermodynamics relates rate and equilibrium
constants to free-energy changes for the formation of activated
complexes (transition state theory) and products, respectively.6

While it has been demonstrated that energy barriers and
reaction energies for large chemical systems such as enzymes,7

zeolites,8−10 metal−organic frameworks,11,12 and oxide surfa-
ces13−16 can be predicted with chemical accuracy, the ab initio
prediction of free energy changes is more challenging. Sampling
the potential energy surface by molecular dynamics17,18 (e.g.,
umbrella sampling and thermodynamic integration, or (config-
urational-bias), Monte Carlo19 requires millions of energy
calculations to reach convergence. This limits these methods to
systems for which good force fields are available, which is often
the case in molecular biology.17,18 For molecule−surface
interactions force fields that describe both adsorption and

reaction steps with sufficient accuracy for free-energy
simulations are not available. Free energy simulations (e.g.,
alkane-zeolite systems) are limited to all-silica forms without
catalytically active sites and assume rigid zeolite frame-
works.19,20

The alternative approach, calculating free energies from
vibrational partition functions, is standard for molecular
systems.6 It relies on the Taylor expansion of the high-
dimensional potential energy surface around the equilibrium
structure (minimum or transition structure). If the harmonic
approximation is made, it becomes tractable even for systems
with hundreds of atoms in the unit cell and has been applied to
adsorption12,21−26 and surface reactions.9,27 While the force
constants can be calculated directly from the ab initio potential
energies without fitting, the main limitation of the harmonic
oscillator model is that low vibrational frequencies make the
largest contribution to the entropies (see ref 6, section 10.5.2)
and that relatively small errors on these frequencies lead to
large errors in the entropy term. This is particularly true for the
low-frequency modes arising from the conversion of the three
translational and three rotational degrees of freedom into six
molecule-surface vibrations (i.e., in more or less hindered
translations and rotations) and soft vibrational modes of the
solid material (e.g., in zeolite frameworks).28,29 Sometimes it is
then a better approximation to assume that the molecules are
freely rotating on the surface (H2 and CH4 in metal−organic
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frameworks)11,12 or that free rotation and translation is
preserved for some degrees of freedom, depending on the
nature of the molecules [alkanes on MgO(001)15 and “mobile”
adsorption of alkanes in zeolites22].
In the area of adsorption and catalysis, development and

validation of new computational protocols is hampered by the
scarcity of reliable experimental data needed for the assessment
of the results. Therefore, we provide experimental benchmark
data (enthalpies, entropies, and free energies) for the
adsorption of methane, ethane, and propane in the acidic
zeolite chabazite, H-SSZ-13. Due to its limited unit cell size, the
chabazite framework is well-suited for computational stud-
ies,10,28−32 and in its aluminum phosphate form, it is
industrially used as a catalyst in methanol to olefin processes.33

The important role of a preceding adsorption step for the
catalytic conversion of molecules at surfaces has been
convincingly demonstrated by Haag for alkane cracking on
the acidic zeolite H-ZSM-5.34

In the present contribution, the measured heats and
equilibrium constants as well as entropies and free energies
of adsorption determined from the former are reproduced by
our calculations within chemical accuracy limits (±1 kcal/mol
≈ 4.2 kJ/mol). This could only be achieved (i) by combining
second-order Møller−Plesset perturbation theory (MP2) for
cluster models with density functional theory (DFT) for the
periodic system when calculating energies35,36 and (ii) by
calculating vibrational partition functions from anharmonic
vibrational frequencies,28,29,37 with curvilinear sampling of one-
dimensional potentials for each degree of freedom,29 as
suggested by Gordon and co-workers for molecules.38−40

The present results differ substantially from the previous
study of Piccini and Sauer28 in two respects: (i) MP2
corrections which lower the DFT(+dispersion) energies by
about 10 kJ/mol have not been made in the previous study. (ii)
Previously, anharmonic potentials were calculated along
rectilinear distortions, which yielded anharmonicity corrections
to entropies that had the opposite sign. This had been noted,28

but in the absence of experimental results for the same systems,
a definitive conclusion was not reached. Now, having the
missing measurements performed, we are able to show that
chemical accuracy has been reached in ab initio calculations of
both enthalpies and the entropy contribution to free energies.
The computational protocol presented here has the potential

to become a standard tool in ab initio studies of molecule−
surface interactions. It will make simple entropy models for
molecule−surface interactions like the ones mentioned
above11,12,15,22 obsolete. It is feasible for all systems that are
accessible for the harmonic approach, as only force calculations
for additional points of the potential are needed. Applications
to adsorption of gases and gas mixtures in nanoporous
materials (MOFs, zeolites) and to hydrocarbon reactions in
zeolites are in progress.

2. SAMPLES AND EXPERIMENTS

2.1. Samples. A chabazite sample with a Si/Al ratio of 14.4
(determined by atom absorption spectroscopy) was obtained
from Chevron Energy Technology Co. in the Na+ form and
transferred into the proton form by ion exchange with
NH4NO3 and subsequent calcination at 450 °C for 2 h. The
concentration of acid sites determined by temperature-
programmed desorption of NH3 was 1.0 mmol/g, which is in
prefect agreement with the value expected from the Si/Al ratio

(1.0 mmol/g). For further details, see the Supporting
Information.

2.2. Gravimetric/Calorimetric Sorption Experiments.
The sorption isotherms of methane, ethane, and propane were
measured on a Setaram TG-DSC 111 instrument. The zeolite
was activated with a heating rate of 10 K min−1 in vacuum (p <
10−7 mbar) to 723 K, maintaining the final temperature for 30
min. The weight increase and the thermal flux were measured
during equilibration with the sorbate at 313, 333, 343, and 363
K up to a partial pressure of 1 bar for ethane and propane.
Because of its weak binding leading to a very low coverage
above room temperature, the adsorption was carried out at 303
K for methane. The heat of adsorption was determined by
integration of the heat signal observed during the stepwise
increase of the pressure of the adsorbing gas. The uptake was
determined after equilibration for 40 min. Figure 1 shows the
isotherms for ethane and propane at 313 K and Figure 2 the
heats of adsorption for methane, ethane, and propane.

Two Langmuir isotherms were required to describe the
sorption of the alkanes on chabazite (see Supporting
Information). The contribution at low loadings (nads < 0.25
mmol/g) is assigned to the sorption at defect (Lewis acid) sites.
It is associated with the higher heat of adsorption observed at
very low coverages, presumably at Lewis acid sites (see Figure
2). The second isotherm (main contribution) is attributed to

Figure 1. Sorption isotherms of ethane (▲) and propane (●) on
chabazite at 313 K together with the fits using the dual site Langmuir
model.

Figure 2. Adsorption enthalpy of methane (■), ethane (▲), and
propane (●) on H-chabazite.
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localized adsorption on Brønsted acid sites in the chabazite
pores.
The mode of interaction has been quantitatively assessed

using IR spectroscopy. The IR spectrum of the activated zeolite
showed two groups of bands. The first consists of a relatively
broad band at 3734 cm−1, and a nonresolved band of low
intensity at 3745 cm−1. The latter band is attributed to SiOH
groups terminating the zeolite crystal, while the band at 3734 is
attributed to SiOH groups terminating defects in the inner of
the zeolite pores. The other group consisting of OH stretching
bands at 3612, 3597, and 3586 cm−1 is attributed to SiOHAl
Brønsted acid hydroxyl groups in CHA. Following Bordiga et
al.,41 the SiOHAl bands at 3612 and 3586 cm−1 are attributed
to the OH groups at the O(1) and/or O(2) positions in the 8-
membered ring and OH groups at the O(3) position, facing a
6-ring window. The well-developed shoulder at 3597 cm−1 is
tentatively attributed to the O(2) or the O(4) position of CHA.
The adsorption of the alkanes led to a simultaneous decrease

of the intensity of the bands at 3612 and 3597 cm−1, showing
that both are accessible and interact with alkanes. The band at
3586 cm−1, attributed to the OH group at the O(3) position
did not markedly change in intensity, indicating a significantly
weaker interaction than with the other OH groups. It is worth
mentioning that the inability of OH groups pointing into six-
membered rings to interact with alkanes has also been observed
for zeolite Y,42 confirming the attribution of the band at 3586
cm−1 to the O(3) position. Upon interaction with the alkanes, a
broad band with a maximum at 3537 cm−1 appeared, attributed
to hydrogen bonding of the alkane via SiOHAl polarized C−H
groups. The parallel decrease of the bands of the free OH
groups and the parallel increase of the complex broad band of
the perturbed OH vibrations suggests an equal strength of both
OH groups.43 The pressure independent position of the
perturbed OH vibration indicates that a relatively localized
interaction between the hydrocarbons and the Brønsted acid
sites was formed and that the local orientation of the molecules
was not affected by the partial pressure until a high coverage of
these sites was reached.
The modest decrease of the intensity of the SiOH at 3735

cm−1 and appearance of the associated perturbed OH
vibrations at 3720 cm−1, paralleling the adsorption on Brønsted
acid sites indicates that these SiOH groups are predominately
located at defects inside the pores and laterally interact with
hydrocarbon molecules adsorbed at Brønsted acid sites.
The linear correlation between the concentration of

adsorbed species and the integral intensities of the CH
stretching bands (Supporting Information, Figure S5) as well
as the integral intensity of the OH stretching vibrations
associated with the bridging OH groups (Figure S6) point to a
ratio of one adsorbed molecule per strongly Brønsted acidic
bridging OH group for the range of coverages explored by
DFT.
Using the heat of adsorption (Figure 2) and adsorption

equilibrium constant of the Langmuir isotherm corresponding
to molecules that do not interact with the Lewis acid sites, the
Gibbs−Helmholtz equation yields the standard adsorption
entropy.

= +S RT K HT lnT T T
0 0

(1)

Table 1 shows these enthalpies and entropies of adsorption
together with the data of Barrer and Davies44 for enthalpies and
entropies of adsorption derived via the isotherms measured at
varying temperatures.

3. METHODS AND MODELS
3.1. Energy Calculations and Structure Optimization.

We use a hybrid high-level quantum mechanics: low-level
quantum mechanics mechanical embedding approach35,36 that
combines second-order Møller−Plesset perturbation theory
(MP2) for a cluster model of the adsorption complex as high-
level method with density functional theory (DFT) for the full
periodic structure of the adsorbed molecule−surface system.
The hybrid QM:QM energy is defined by a subtractive

scheme:

= − +

= + Δ = + Δ

E E E C E C

E C C E C

(pbc) (pbc) ( ) ( )

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

HL LR LL HL
(2)

where ELL(pbc) is the low-level energy of the adsorbed
molecule−surface system, including periodic boundary con-

Figure 3. Difference in the IR spectra after adsorption of propane at
partial pressures between 10−4 and 10−2 bar at 313 K. The bottom
figure is an enlarged version of the variation in the IR spectra of the
OH stretching region. The arrows indicate the changes with increasing
pressure. (A) Decreasing intensity because of interactions with SiOH
(3734 cm−1) and SiOHAl (3612, 3597 cm−1) groups. (B) Increasing
intensity because of stretching vibrations of hydrogen-bonded SiOH
groups at 3720 and 3663 cm−1; the latter being attributed to hydrogen-
bonded SiOH at defect sites as well as to hydrogen-bonded SiOHAl
groups at 3537 cm−1 with a shoulder at 3555 cm−1 (above 10 mbar
propane equilibrium pressure, an additional band at 3712 cm−1

appeared, indicating a somewhat stronger interaction with SiOH
groups).
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ditions, ELL(C) is the low-level energy for the cluster model of
the adsorbed molecule on the surface, and EHL(C) is the high-
level energy for the same finite size cluster models. The result
can be viewed at as a high-level calculation for the cluster
model, EHL(C), to which a long-range correction,

Δ = −C E E C(pbc, ) (pbc) ( )LR LL LL (3)

evaluated at the low-level, has been added, or a low-level
calculation with periodic boundary conditions for the full
structure, to which a high-level correction,

Δ = −C E C E C( ) ( ) ( )HL HL LL (4)

evaluated for the cluster model, has been added. The dangling
bonds of the cut-out defining the high-level cluster are
terminated with hydrogen “link” atoms.45 Structure optimiza-
tions are performed on the combined potential energy surface
defined by eq 1 with forces calculated by the same subtraction
scheme,45,46

= − +f f f C f C(pbc) (pbc) ( ) ( )i i i i,HL:LL ,LL ,LL ,HL (5)

The (high-level) QM [e.g., MP2 binding energies are
counterpoise corrected (CPC) for the basis set superposition
error (BSSE) of the atom-centered basis sets used].47 On the
BSSE-free potential energy surface, an extrapolation to the
complete basis set (CBS) limit is performed,48 which uses
Dunning’s correlation consistent basis sets with two consec-
utive cardinal numbers X = 2 (double-ζ, D) and X = 3 (triple-ζ,
T in the present case). For the Hartree−Fock (HF) part, an
exponential extrapolation scheme is applied48,49

= + −∞E E A Xexp( 1.5 )XHF, HF, (6)

while an inverse power law is used for the correlation energy50

= +∞
−E E AXXcorr, corr,

3
(7)

When used to calculate forces, this CPC−CBS scheme allows
structure optimizations on the BSSE free basis set extrapolated
potential energy surface. Its use as a high-level method in the
subtraction scheme for embedded cluster calculations defines a
multilevel method that avoids artifacts in the equilibrium
structure prediction as for example a typically too short distance
between the adsorbed molecule and the surface.
Hybrid QM:QM calculations have been performed using the

development MonaLisa program written in C++ programming
language.51 MonaLisa incorporates the main features of
QMPOT software46 previously used and benefits from the
flexibility and modularity of the object-oriented coding. The
general purpose of MonaLisa is locating minima and transition
structures on multilevel PES. It includes a variety of
independent interfaces to allow the communication between
the internal optimizer and the external computational chemistry
programs that provide energies and gradients. For this present

MP2/CPC−CBS:DFT+D coupling MonaLisa provides inter-
faces to TURBOMOLE and VASP programs.
Plane wave DFT calculation have been performed using the

VASP program52 (5.2.12 version) with a 600 eV energy cutoff
requiring an energy difference between two consecutive SCF
cycles of 10−8 eV/cell. The PBE53 functional has been
employed, and dispersion contributions are described by a
damped 1/r6-term using Grimme’s “D2” parameters.54 We will
refer to this method as PBE+D.
MP2 calculations have been carried out using the resolution

of identity (RI)-CC2 module55 available in version 6.5 of the
TURBOMOLE program.56 For all atoms in the system,
Dunning’s correlation-consistent polarized valence basis sets
(cc-pVXZ) of systematic increasing quality from X = D to X =
T57,58 have been used and the 1s frozen-core approximation has
been applied.

3.2. Vibrational Partition Functions and Frequency
Calculation. Entropies and thermal enthalpy contributions are
evaluated for the low-level (PBE+D) potential energy surface
from vibrational partition functions, qa, approximated as finite
sums over vibrational states i (kB is the Boltzmann constant and
T the temperature)

∑≈
=

−q ea
i

m
e k T

0

/i B

(8)

The quantum diagonal anharmonic energy levels obtained
are used to evaluate anharmonic contributions to vibrational
partition functions. We follow the procedure described
before.28,29 If analytical second derivatives are not available as
it is the case for plane wave codes used in this study, harmonic
force constants are calculated as numerical derivatives of
Cartesian forces. From the latter, a set of normal modes {Q} is
derived that relates to the Cartesian displacement coordinates
through

Δ =x SQ (9)

Having the normal modes, a new set of harmonic frequencies is
calculated, also using finite differences of forces but displacing
the atoms along the normal modes of vibration. This yields
improved harmonic frequencies, and if enough points along
each normal mode are used to calculate the forces, an
anharmonic one-dimensional model potential is derived for
each normal mode by fitting the points on the PES. To
minimize anharmonic couplings between the one-dimensional
oscillators, expressing the normal modes in curvilinear
coordinates (such as internals) is mandatory when making
finite distortions.38−40,59

Harmonic and anharmonic frequencies in normal mode
coordinates have been calculated using the program EIGEN_-
HESS_ANHARM_INT.28 The program written in F90
interfaces with VASP60 to get total energies and gradients
from single-point calculations and the Hessian matrix to get

Table 1. Standard Enthalpy, ΔH° (kJ/mol), and Entropy, ΔS°(J/mol K) for the Adsorption of Alkanes in Two H-Chabazites
with Different Si/Al Ratio at Temperature T

H-SSZ-13 (Si/Al = 14.4), this work H-chabazite (Si/Al = 2.6)a

Θs
b T ΔH° ΔS° T ΔH° ΔS°

methane 1.30 303 −17.0 −63.5 273.2 −20.4 −64.9
ethane 1.99 313 −27.5 −76.1 313.2 −30.8 −70.7
propane 1.97 313 −37.6 −87.7 323.2 −37.3 −67.4

aBarrer and Davies, ref 44. bSaturation coverage [mmol/g].
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frequencies from Cartesian finite differences and the corre-
sponding eigenvectors. Thermodynamic properties such as
translational, rotational, harmonic, and anharmonic energy and
entropy contributions were obtained using the local F90
program THERMO.
3.3. Models. The acidic chabazite zeolite has been modeled

by a supercell of dimensions a = 18.90 Å, b = 9.44 Å, c = 9.29 Å,
α = 94.0051, β = 94.8903, and γ = 95.3793 degree, which is
obtained by doubling the triclinic unit cell along the lattice
vector a and which contains two acidic Brønsted sites (Si/Al
ratio 11/1), see Figure 4. This ensures that lateral interactions

between adsorbed molecules are negligible at half coverage (θ =
0.5) and that converged electronic structures are obtained for
Γ-point-only calculations. This is the structural model adopted
for the PBE+D calculations (normal-mode optimizations and
frequency calculations).
For the hybrid QM:QM optimization, the low-level (PBE

+D) calculations have been performed on a larger supercell to
avoid contact between the link atoms of clusters in neighboring
cells. The new supercell obtained by duplicating the cell of
Figure 4 along the c direction has the following crystallographic
parameters: a = 18.90 Å, b = 9.44 Å, c = 18.45 Å, α = 94.0051, β
= 94.8903, and γ = 95.3793 degrees.
The bottom part of Figure 4 shows the 8T11H cluster

employed in the low- and high-level calculations. Following the
previously introduced nomenclature,9,35,36 it consists of eight
tetrahedra with 11 Si−H terminating groups, while all other

link atoms saturate oxygen atoms and thus form terminating
OH groups, 2 at the Al and 3 at the Si atoms.
For plane wave DFT calculations on methane, ethane, and

propane molecules in the gas phase as well as on cluster models
employed in the low-level (DFT+D) part of the QM:QM
scheme, the systems have been put in the center of a cubic box
of 20 Å to prevent Coulomb interactions with their periodic
images. This allows also Γ-point only sampling of the Brillouin
zone.

4. COMPUTATIONAL RESULTS
4.1. Ab Initio Energy Calculations. The adsorption

complexes of methane, ethane, and propane with the acidic
active site of H−CHA have been preoptimized on the PBE+D
potential energy surface using normal-mode coordinates
instead of Cartesians.28 Subsequently, these structures reported
in ref 28 have been refined using a hybrid approach that
combines high-level MP2/CPC−CBS(D,T) energies with low-
level PBE+D/plane wave energies for the periodic systems
within a subtractive QM:QM scheme,35,36,61 as described in
Energy Calculations and Structure Optimization.
Figure 5 shows the results as a cut-out of the periodic

structure. As a common structural motif, the acidic hydrogen in

the O(2) position points toward the carbon atom. Table 2
reports the OH···C distances between the acidic surface OH
group and the closest C atom of the alkane molecule.
Compared to the hybrid MP2:PBE+D results, PBE+D yields
significantly shorter molecule−surface distances in accord with

Figure 4. (Top) H−CHA 2a supercell showing the acidic hydrogen in
position O2, an oxygen atom that is shared by two 8-membered rings
and one 4-membered ring. (Bottom) 8T11H cluster model employed in
the hybrid MP2:DFT+D calculations. Color key: yellow, silicon; red,
oxygen; blue, aluminum; and white, hydrogen. Figure 5. Adsorption complexes of (a) methane, (b) ethane, (c)

propane via primary carbon, and (d) propane via secondary carbon
with the acidic group at HO(2) in an 8-membered ring of H−CHA.

Table 2. OH···C Bond Distances (pm) of the Adsorption
Complexes

method methane ethane propane

C(1°)a C(2°)a

PBE+Db 215 214 213 218
MP2/CPC−CBS(D,T):PBE+D 228 221 219 219

aAdsorption via primary and secondary carbon, respectively. bRef 28.
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substantial overbinding. The PBE+D adsorption energies in
Table 3 are 9.4 to 14.2 kJ/mol more binding than the hybrid

MP2:PBE+D results. The PBE+D results for the periodic
model at the hybrid MP2:PBE+D structure hardly differ from
the PBE+D energies for the structures optimized at this level.
The hybrid MP2:PBE+D results for methane, ethane, and

propane (primary C attack) follow the relation (in kJ/mol)

Δ = +E 14.7 10.7NC (10)

In addition to the total energies, Table 3 shows also the
individual contributions to the hybrid QM:QM model for the
adsorption structures considered. The MP2 energies for the

cluster models are all in between 21.2 and 22.3 kJ/mol, and all
the chain length variation stems from the long-range correction,
ΔLR, evaluated at the PBE+D level.

4.2. Thermodynamic Functions. Table 4 shows the
thermodynamic functions for the adsorption of the methane,
ethane, and propane in H−CHA at experimental conditions
(303 K for methane and 313 K for ethane and propane, 0.1
MPa) for half coverage (θ = 0.5). Comparison is made between
the results obtained from harmonic frequencies (harm), and
from anharmonic frequencies derived from curvilinear dis-
tortions (anharm). There are substantial differences compared
to the corresponding results in Table 4 of ref 28, which are due
to the use of rectilinear distortions in that study. To get
consistent results, anharmonic corrections have been applied to
the vibrations of the adsorption complex, the unloaded
chabazite, and the alkane molecules. Since analytical second
derivatives are not available, harmonic force constants are
obtained by numerical differentiation of forces resulting from
normal mode distortions along internal coordinates. Thermal
contributions to the total energies are calculated from the
translational, rotational, and vibrational (harmonic or anhar-
monic) partition functions. Whereas the electronic energies are
the hybrid MP2/CPC−CBS(D,T):PBE+D results (see Table
3), the frequencies are obtained from the PBE+D potential
energy surface.
The calculated thermodynamic functions are compared with

measured values (Gravimetric/Calorimetric Sorption Experi-
ments). Figures 6 and 7 show the experimental data points (red
◆) with bars that indicate the chemical accuracy range (i.e.,
the range of ±1 kcal ≈4.2 kJ/mol). The thermodynamic
functions calculated using anharmonic frequencies with internal
coordinate distortions are all within the chemical accuracy
range of the experimental data. The deviations of the T DS
term are all smaller than 1 kJ/mol, and for methane, ethane,
and propane adsorbed with the primary carbon atom, the
deviations between calculated and experimental data are 1.8,
−2.7, and −2.9 kJ/mol, respectively, for the enthalpy, and 1.9,
−3.2, and −2.1 kJ/mol, respectively, for the Gibbs free energy.
The results for propane adsorption via the secondary carbon

atom have been excluded from Figures 6 and 7 because the
entropy term and, hence, the Gibbs free energy deviate
significantly from the experimental data. Due to the strong
interaction of the propane methyl groups with the zeolite
framework, highly entropic motions such as hindered trans-
lations and rotations are way stiffer then in the case of primary

Table 3. Electronic Adsorption Energies Obtained with the
Hybrid MP2/CPC−CBS(D,T): PBE+D Method, And
Energy Contributions for the Periodic Model, S, and the
Cluster Model, C, Obtained with Different Methods for
Alkane Adsorption in H−CHA (kJ/mol)a

methane ethane propane

C(2°)b C(1°)b

E(pbc)c PBE+Dc −32.3 −43.4 −59.4
E(pbc)d PBE+Dd −34.72 −45.78 −57.32 −58.30
ELL(pbc) PBE+D//

MP2:PBE
+De

−33.02 −44.15 −58.47 −56.89

PBE −8.08 −7.84 −7.84 −8.32
D −24.94 −36.31 −50.63 −48.57

ΔLR PBE 0.53 −4.61 −5.66 −4.10
D −4.51 −10.44 −19.12 −17.73
PBE+D −3.98 −15.05 −24.78 −21.83

EHL(C) MP2//
MP2:PBE
+De

−21.36 −21.17 −21.87 −22.30

ΔHL 7.68 7.93 11.82 12.76
EHL:LL(pbc)

f −25.34 −36.21 −46.65 −44.13
E(pbc)g MP2//PBE

+Dg
−22.4 −35.1 −48.4

aLong-range and high-level corrections, ΔLR and ΔHL, respectively, are
also given (see eqs 2−4 for definitions). bAdsorption via primary and
secondary carbon atom, respectively. cPBE+D at the PBE+D
optimized structure, ref 10. dPBE+D at the PBE+D optimized
structure, ref 28. eAt the hybrid MP2:PBE+D optimized structure.
fTotal hybrid MP2:PBE+D. gSingle-point MP2 at the PBE+D
optimized structure, ref 10.

Table 4. Zero-Point Vibrational Energies (ZPVE), Energies at Zero Kelvin (ΔE0), Thermal Enthalpy Contributions (ΔH −
ΔE0), Enthalpy (ΔH), Entropy Term (−TΔS), and Gibbs Free Energy (ΔG) for the Adsorption of Methane, Ethane, and
Propane in H−CHA at Experimental Conditions (303 K for Methane, 313 K for Ethane and Propane, 0.1 MPa, θ = 0.5)
Calculated Using Harmonic Internal Normal Mode Distortions (Harm), Anharmonic Internal Coordinates Distortions
(Anharm), and Experimental Data (Exp), All in kJ/mol

methane ethane propane

C(1°) C(2°)

harm anharm expa harm anharm expa harm anharm harm anharm expa

ZPVE 5.72 5.49 − 2.43 2.80 − 4.09 1.59 1.51 1.93 −
ΔE0 −19.62 −19.85 − −33.78 −33.41 − −42.56 −45.06 −42.62 −42.20 −
ΔH − ΔE0 −0.06 4.68 − 0.68 3.23 − −0.14 4.59 2.89 3.24 −
ΔH −19.68 −15.17 −17.0 −33.10 −30.18 −27.5 −42.70 −40.47 −39.73 −38.96 −37.6
−TΔS 34.53 19.25 19.2 37.42 23.28 23.8 48.31 28.22 42.55 40.49 27.5
ΔG 14.86 4.09 2.2 4.31 −6.90 −3.7 5.61 −12.26 2.82 1.52 −10.2

aCf. Table 1.
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carbon adsorption, resulting in a much lower entropy of the
adsorption complex. This disfavors adsorption via the
secondary carbon compared to adsorption via the primary
carbon atom. This feature has been observed also in molecular
dynamics simulations. Bucǩo et al.32 have shown that the
probability of adsorbing a propane molecule in H−CHA via a
primary carbon atom is about seven times higher than
adsorbing it via a secondary one. The present results show
that the origin of this unfavorable adsorption configuration is
entropic as the enthalpy does differ strongly between the two
adsorption structures. For the proper description of this effect,
anharmonic contributions are essential. Within the harmonic
approximation, the opposite conclusion is reached. Adsorption
via the secondary carbon is favored over adsorption of the
primary one.

5. DISCUSSION
The effect of anharmonicity on the entropy term is enormous,
of the order of 15 to 20 kJ/mol. A very large effect is also seen
for the thermal enthalpy contributions, which increase by 4.7
(methane), 2.6 (ethane), and 4.7 (propane) kJ/mol. The low
frequency/large amplitude modes associated with the hindered

translations and rotations of the adsorbed molecule, the floppy
vibrations of the zeolites framework62−65 and also the possible
internal rotations of methyl groups in ethane and propane are
far from being properly described by a parabolic model
potential. The accurate estimation of the adsorbed state
entropy given by treating all the vibrations as anharmonic is
key to understanding why zeolites are such excellent adsorbent
materials. The floppy vibrational structure of zeolites also favors
the diffusion of molecules into the pores.19,66 Since soft
vibrations can couple with the surface modes, the vibrational
structure of the whole crystal framework changes consistently
with the presence of the adsorbate. This means that the crystal
adapts its structure to accommodate the molecule weakening
the strength of some bonded interactions (mainly collective
angle bending and torsions), which give rise to a highly
entropic adsorbed state. We note that the computational
expense of the anharmonicity calculation is just a multiple
(factor of 10 at most) of the calculation of harmonic
frequencies. That means whenever a harmonic calculation is
feasible, the anharmonic calculation will also be feasible. The
bottleneck is rather finding the appropriate internal coordinates
for the curvilinear representation of the normal modes, which is
not always easy.
Figure 7 shows the results for the Gibbs free energies and

compares them with results which use simple models proposed
by Tait et al.15 for estimating adsorption entropies. For the
desorption of linear alkanes from the MgO(100) surface, the
adsorption entropies have been calculated (i) for an immobile
adsorbate model, where no translations or rotations are allowed
in the adsorbed state, (ii) for a rotating adsorbate, where only
rotations along the adsorbate principal axis of inertia are
allowed (3 for a nonlinear molecule), and (iii) for a mobile
adsorbate, where 2D translations and a specific number of
rotations are allowed, depending on the nature of the
molecule.15 In our case, this number is 3 for methane, 2 for
ethane, and 1 for propane. The “mobile adsorption model” is in
better agreement with the experimental result and also a better
approximation to our anharmonic calculated result than our
calculated result using the harmonic approximation.
In the past, we have shown that chemical accuracy can be

reached for adsorption energies of the CO/MgO(001)13,14 and
CH4/MgO(001) systems.15,16 The present paper aims at
extending the list of thermodynamic reference systems by
providing experimental and computational thermodynamic
benchmark data.
In contrast to quantum chemical calculations, experiments do

not yield energies of adsorption defined as differences between
the bottom of the respective potential wells. However, the
difference between the experimental enthalpy (Table 1) and
the sum of our calculated thermal enthalpy contributions and
zero-point vibrational energies,

Δ = Δ − Δ − Δ +

− +

E H H E(ref) (exp) [[ (PBE D)]

ZPVE(PBE D)
T T 0

(11)

yields a reference value for the (electronic) energies of
adsorption, ΔE (ref). Table 5 shows that the difference
between ΔHT (exp) and ΔE (ref) is as large as 10.2, 6.0, and
6.2 kJ/mol for methane, ethane, and propane, which should not
be ignored when testing different quantum chemical methods
for calculating molecule−surface interactions. Thermal con-
tributions are as important as zero-point vibrational energies.
The harmonic approximation recovers only part of this

Figure 6. Enthalpy, ΔH, entropic term, −TΔS and Gibbs free energy,
ΔG, for the adsorption of methane, ethane and propane in H−CHA at
experimental conditions (303 K for methane, 313 K for ethane and
propane, 0.1 MPa, θ = 0.5) calculated using harmonic internal normal
mode distortions (Harm), anharmonic internal coordinates distortions
(Anharm) and experimental data (Exp), all in kJ/mol.

Figure 7. Gibbs free energy, ΔG (kJ/mol), for the adsorption of
methane, ethane, and propane in H−CHA at experimental conditions
(303 K for methane, 313 K for ethane and propane, 0.1 MPa, θ = 0.5)
calculated using harmonic internal normal mode distortions (Harm),
anharmonic internal coordinates distortions (Anharm), experimental
data, and simplified adsorption models (black dashed lines for
immobile, rotating, and mobile models, respectively).
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difference, 5.6, 3.1, and 4.0 kJ/mol, respectively, and in
particular fails to describe thermal contributions properly.
For our best hybrid MP2:PBE+D adsorption energies (Table

3, last row), the deviations from the reference values (Table 5,
last row) are 1.8, −2.7, and −2.9 kJ/mol for methane, ethane,
and propane, respectively, all well within the chemical accuracy
range of ±4.2 kJ/mol. The remaining deviation is not due to
higher-order correlation effects as test calculations for the CH4/
H−CHA system have shown. The difference between CCSD-
(T) and MP2 is −0.4 kJ/mol only.
The single-point MP2/pane wave//PBE+D results of Göltl

et al.10 show slightly larger deviations from the reference values,
4.8, −1.6, and −4.8 kJ/mol for methane, ethane, and propane,
respectively, but are still close to chemical accuracy limits. The
availability of experimental values and reliably calculated
nuclear motion and thermal corrections provides additional
support for the conclusion of Göltl et al.10 regarding the
performance of different methods. Using our reference
energies, the random phase approximation (RPA) based on
DFT underestimates the binding by 10 to 17 kJ/mol, and only
the combination of the exchange energy from self-consistent
Hartree−Fock calculations with the RPA correlation energy
calculated with PBE orbitals (“hybrid RPA-HF” method) yield
very accurate results with deviations of 0.4, 1.1, and 0.0 kJ/mol
for methane, ethane, and propane. Since structures optimized
with PBE+D have been used, these small deviations may
involve some error cancellation. The van der Waals functionals
applied by Göltl et al.10 overestimate the binding quite strongly
with increasing deviations of about −10 kJ/mol for methane,
−24 kJ/mol for ethane, and −31 kJ/mol for propane. The PBE
+D calculations (D2 parametrization) overestimate binding
with deviations of −7.5, −12.3, and −13.5 kJ/mol for methane,
ethane, and propane, respectively. While an alternative
parametrization of the atom−atom C6/R

6 term (Tkatchenko-
Scheffler) shows a similar performance for methane (−7.4 kJ/
mol deviation), the overbinding increases when passing to
ethane and propane with deviations of −18.5 and −27.8 kJ/
mol, respectively, similarly as found for the van der Waals
functionals.
With regard to the general applicability of the hybrid

MP2:PBE+D approach used here, we provide information on
computer time in the Supporting Information. A single-point
calculation for propane/H−CHA can be completed in about
1.5 h on a local four node (16 CPU) compute cluster.
Compared to a DFT+D calculation, the CPU time increases by
a factor of 102. This is substantially less than the increase by a
factor of 105 reported by Göltl et al.10 for MP2 calculations on
the full periodic structure. This difference of 3 orders of
magnitude explains why hybrid QM:QM methods like the ones

presented here will continue to be an attractive tool, even if
further progress will be made with global algorithmic
improvements of wave function methods for periodic
structures. There will always be larger systems one wants to
tackle, and there will always be more points on the potential
energy surface one wants to sample. Our method is perfectly
scalable. The size of the high-level cluster can be extended, and
the approximation levels can be increased. If MP2 structures are
not good enough, one may wish to optimize on a hybrid
CCSD(T):MP2 potential energy surface.

6. CONCLUSIONS
For the relevant example of the adsorption of small alkanes at
Brønsted sites in H-chabazite, we have shown that free energies
for molecule−surface interactions can be calculated ab initio
within chemical accuracy limits. To obtain accurate entropies
and thermal enthalpy contributions from vibrational partition
functions, it is mandatory to take anharmonicity into account,
but anharmonic corrections to vibrational frequencies can be
calculated for each normal mode separately if finite
perturbations of the normal modes are made in an internal
coordinate representation.
Whereas for evaluating vibrational contributions, density

functional theory with inclusion of dispersion proved to be
good enough, for reaching chemical accuracy for the energies of
adsorption, a hybrid high-level (MP2) low-level (DFT+D)
quantum chemical method was required. The availability of
calculated accurate thermal enthalpy contributions and zero-
point vibrational energies provides access to experimentally
derived (electronic) energies of adsorption, which should serve
as benchmarks when testing quantum chemical methods.
The presented methodology permits calculations of both

enthalpy and entropy terms for molecule−surface interactions
with chemical accuracy that will facilitate atomistic under-
standing of how different elementary steps act together in
heterogeneous catalysis. Future studies will look at the entropy
of transition structures and compare different frameworks.
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(10) Göltl, F.; Gruneis, A.; Bucko, T.; Hafner, J. Van der Waals
Interactions between Hydrocarbon Molecules and Zeolites: Periodic
Calculations at Different Levels of Theory, from Density Functional
Theory to the Random Phase Approximation and Moeller-Plesset
Perturbation Theory. J. Chem. Phys. 2012, 137, 114111.
(11) Sillar, K.; Hofmann, A.; Sauer, J. Ab Initio Study of Hydrogen
Adsorption in MOF-5. J. Am. Chem. Soc. 2009, 131, 4143−4150.
(12) Sillar, K.; Sauer, J. Ab Initio Prediction of Adsorption Isotherms
for Small Molecules in Metal−Organic Frameworks: The Effect of
Lateral Interactions for Methane/CPO-27-Mg. J. Am. Chem. Soc. 2012,
134, 18354−18365.
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