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Methanol adsorption in isomorphously substituted MAPO-34 (M) Mn, Zn, Mg, Si, Ti, or Zr) zeolite clusters
was investigated, and periodic density functional theory (DFT) calculations were carried out. All structures
are optimized and charactered at B3LYP/LANL2DZ-6-31G** (the LANL2DZ basis set for Mn, Zn, Mg, Ti,
and Zr atoms and 6-31G** basis set sequentially for Si, Al, O, C, and H atoms) and generalized gradient
approximation and Perder-Burke-Ernzerhof theoretical levels. Both methods demonstrate that the type of
metal dopant used plays an active role in methanol protonation. In Mn, Zn, and Mg-AlPO-34, the stable form
of methanol is protonated. However, in Si, Ti, and Zr-AlPO-34, methanol is unprotonated and is simply
physisorbed. In the protonated mode, the methoxonium cation forms two very strong hydrogen bonds (1.019-
1.073 Å) with the negatively charged zeolite. On the other hand, in the physisorbed mode, methanol interacts
with the zeolite framework to form an eight-member ring through two hydrogen bonds, one that is short and
rather strong (1.392-1.676 Å) and one that is much weaker (1.941-3.036 Å).

1. Introduction

The hydrogen form of zeolites is applied in many catalytic
reactions such as the conversion of methanol to gasoline (MTG)
process.1 This is an important process that has attracted
considerable attention from both industrial and academic
researchers.2-5 In the past decades, attention has been focused
on H-ZSM-5.6,7 Recently, metal-substituted aluminophosphates
(MAPOs) have attracted considerable interest.8-14 Although a
significant number of studies have investigated the properties
of isomorphously substituted zeolites,15-20 our understanding
of how heteroatoms modify the structure and electronic proper-
ties of acid sites, and thus, affect their adsorption and catalytic
behaviors, is far from complete.16,21,22 To the best of our
knowledge, there are no reports in the literature of comparative
studies of methanol adsorption in isomorphously substituted
MAPO-34 (M ) Mn, Zn, Mg, Si, Ti, or Zr) zeolite, which is
an important catalyst for methanol-related reactions.

Many experimental and theoretical23-34 studies have dem-
onstrated that the first stage in the MTG reaction is the
adsorption of methanol on the Bronsted acid sites of the zeolites
network,30 where the formation of a hydrogen-bonded or
protonated methanol species is possible. However, the nature
of the species formed on initial methanol adsorption is unclear
from experiments, since infrared spectroscopy (IR)35-37 and
nuclear magnetic resonance (NMR)38,39 techniques cannot
distinguish unambiguously between physisorbed methanol, CH3-
OH-HOZ, and chemisorbed methanol, CH3OH2

+--OZ, where
HOZ represents a zeolite Bronsted site and-OZ represents a
deprotonated acid site. In the last decades, theoretical
studies29-31,40,41have started to shed light on the initial stages

of the MTG process. Studies using clusters containing of the
order of 10 tetrahedral atoms to model adsorption of a single
methanol molecule at an acid site revealed that methanol was
only physisorbed.40,41 Recently, the adsorption of methanol in
8T (tetrahedral) rings was theoretically studied using DFT
methods.31,32 The results revealed that the hydrogen-bonding
species are energetically favored with respect to the protonated
system. However, a cluster has the major disadvantage of that
it ignores all electrostatic interactions and the long-range
influence of the zeolite lattice.42,43 On the other hand, the use
of a relatively large cluster can partly allow for consideration
of the zeolite lattice.44,45 Quantum-chemical periodic structure
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Figure 1. Schematic representation of the three adsorption modes:
(a) end-on (bridging across metal), (b) end-on (bridging across Al or
P), (c) side-on.
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codes are interesting, since it has recently become possible to
localize approximate transition structures.46 The role of the
zeolite structure in the activation of methanol has been studied
using a periodic approach, but the conclusions are somewhat
contradictory. By comparison of the adsorption energy and
geometry of methanol on different zeolites, Stich et al.29 have
concluded that protonation of a single methanol molecule may
occur depending on the zeolite framework, whereas Haase et
al.30 have concluded that the zeolite framework does not have
a decisive influence on either the adsorption energy or the
geometry.32 Thus, the goal of the present study was to resolve
these issues and in particular to explore the factors identified
as important in previous studies. We consider three factors: (1)
Most notably, the cluster approach ignores long-range electro-
static potential, which may have a considerable effect given the
partially ionic nature of zeolites. To compare the cluster results,
we adopted another approach: use of periodic boundary
conditions to simulate the full zeolite structure. (2) The acid
strength and catalytic activity, however, depend on the type of
metal dopant used. Thus, we investigated CH3OH interaction
with isomorphous substitution of aluminum or phosphorus atoms
by Mn, Zn, Mg or Si, Ti, Zr (MAPO-34) zeolites. (3) Three
adsorption models of the initial structure of the interaction
between MAPO-34 and the CH3OH molecule are considered,
as shown in Figure 1.

In the present study, theoretical interactions of CH3OH with
MAPO-34 (M ) Mn, Zn, Mg, Si, Ti, Zr) zeolites were
investigated to gain an understanding of the mechanism involved
at the electronic molecular level. This understanding represents
a basis for the rational design of improved catalysts.

2. Computational Methods and Models

Bronsted acid sites are introduced in MAPO-34 when divalent
Mn2+, Zn2+, and Mg2+ ions replace Al3+ or tetravalent Si4+,
Ti4+, and Zr4+ ions replace P5+, with protonation of one of its
four nearest-neighbor oxygen ions in the framework.

2.1. Cluster Approach. All computations were performed
within Gaussian 0347 using the B3LYP48,49 density functional,
which yields accurate results for the molecular structures and
vibrational frequencies of zeolite.50,51 The standard double-ê
basis set, as reported by Hay and Wadt52 and denoted as
LANL2DZ, is used to describe the electron density of the
valence electrons of Mn, Zn, Mg, Ti, Zr, whereas the electron
density of Si, Al, O, C, and H atoms is described using the
standard 6-31G** basis set. It should also be noted that all
energy values reported include corrections for zero-point energy
because of their partial optimizations. In this study, basis-set-
superposition-error (BSSE) corrections were not made for three
reasons: (1) BSSE is expected to be approximately the same

Figure 2. Equilibrium geometry found for CH3OH adsorbed on Mn-, Zn-, and Mg-AlPO-34 with the cluster models. Selected bond distances are
given in angstroms.

TABLE 1: Structural Parameters (Å) and Adsorption
Energies (kcal/mol) for the Adsorption of CH3OH onto the
Cluster MAPO-34 (M ) Mn, Zn, Mg) at the B3LYP/
LANL2DZ-6-31G** Level

Om-Hz Om-Hm Oz-Hz Oz-Hm
a Hm-Hz C-O Eads

Mn 1.080 1.028 1.371 1.524 1.626 1.462 33.59
Zn 1.073 1.019 1.398 1.567 1.604 1.468 20.81
Mg 1.047 1.031 1.446 1.557 1.582 1.465 29.83

a Distance of the methanol proton to the closest framework oxygen
atom.
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for each of the clusters examined;53 (2) we are only interested
in the adsorption complex in terms of the substituents nature;
(3) we focused on change trends for the adsorption energy
between methanol and the metal-modified zeolite.

An 8T ring was cut from AlPO-34, with dangling Al and Si
bonds saturated by hydrogens atoms. To mimic the geometry
constraints of the real zeolite structure in the calculations, we
included terminating hydrogen atoms with fixed Cartesian

coordinates at initial positions of 1.46 Å (Si-H) and 1.55 Å
(Al-H) along the tetrahedral (T) bond. Geometry optimization
calculations were carried out to obtain a local minimum for
adsorption complexes.

2.2. Periodical Approach.Comparative calculations based
on a generalized gradient approximation (GGA) in DFT with
the periodic model were carried out using the DMol3 program
from Accelrys.54 The Perder-Burke-Ernzerhof (PBE) exchange

Figure 3. Equilibrium geometry found for CH3OH adsorbed on Si-, Ti-, and Zr-AlPO-34 with the cluster models. Selected bond distances are
given in angstroms.
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and correlation functional,55,56and the double-numeric-polarized
(DNP)57-59 basis set was also used. The DNP, all-electron basis
set comprises two numerical functions per valence orbital,
supplemented with a polarization function. Each basis function
was restricted to within a cutoff radius ofRcut ) 4.0 Å, thereby
allowing for efficient calculations without a significant loss of
accuracy. The DMol3 program uses numerical functions that
are far more complete than the traditional Gaussian functions,
and therefore we expect BSSE contribution to be small.33,34

3. Results and Discussion

The methanol system was chosen as a test case for the present
DFT methods. To test the validity of our methods for handling
hydrogen bonding, the energy for methanol dimmer formation
was calculated using the two approaches. The values of 5.70
and 5.85 kcal/mol for the cluster and periodic calculations,
respectively, compare well with the experimentally estimated
range of 4.6-5.9 kcal/mol.60

Although it is known from spectroscopic evidence that
methanol is initially adsorbed at Bronsted acid sites,61 the
mechanism is still a matter of much debate. The first point
concerns whether both the physisorbed and chemisorbed
methanol structures correspond to minima on the potential
energy surface and, if so, which is more stable. Finite cluster
calculations have shown that only the unprotonated form of
methanol corresponds to a minimum for a 3T site model.62 The
methoxonium ionlike structure was identified as a transition state
for proton transfer between two framework oxygen atoms.23

Later, contradictory to the 3T cluster calculations, a methoxo-
nium cation was found to correspond to a local minimum rather
than a transition state for methanol adsorbed in 8T rings of
chabazite29,63or gerieirte.29 On the other hand, periodic calcula-
tions63 revealed that the nature of the adsorbed methanol species
can depend on the particular zeolite structure. Second, there
are a large number of ways in which methanol can bind to the
Bronsted acid site of a zeolite catalyst. In the present study,
three starting geometries were considered: 6-M (six-membered
ring, bridging across metal), 6-Al (P) (six-membered ring,
bridging across Al or P), and side-on (side-on geometry, bridging
across metal), as shown in Figure 1. The interaction between
isomorphously substituted MAPO-34 (M) Mn, Zn, Mg, Si,
Ti, Zr), and CH3OH was then investigated using cluster and
periodic methods, which are discussed in the following.

3.1. Cluster Approach. Previous cluster-based studies24,62

suggested the formation of a six-member ring arrangement for
the methanol OH group and a zeolite O-Al-O(H) group. In
the present study, three adsorption cases were considered for
methanol adsorption on MAPO-34 (M) Mn, Zn, Mg, Si, Ti,
Zr) (Figure 1).

In all three cases, when the structures were allowed to relax
to the closest local energy minimum, the same geometry as for
the chemisorbed form was observed for Mn, Zn, and Mg. It
proved impossible to locate a minimum corresponding to simply
methanol physisorption, and thus, we conclude that for this
geometry the protonated form of adsorbed methanol is the most
stable, without a barrier for proton transfer. The geometry of
the stable complex is illustrated in Figure 2. Table 1 lists the
adsorption energy values and structural parameters for CH3OH
adsorbed onto the MAPO-34 (M) Mn, Zn, Mg) surfaces.
The adsorption energy (Eads) is calculated according to the
formula

whereE(cluster), E(CH3OH), andE(cluster+ CH3OH) denote the energy
calculated for a cluster without CH3OH, the free CH3OH, and
a cluster with CH3OH, respectively. The adsorption energy for
CH3OH adsorbed onto a periodic model was calculated simi-
larly.

From Figure 2, it is clearly evident that CH3OH is chemi-
sorbed onto MAPO-34 (M) Mn, Zn, Mg), involving methanol
bridging across the metal defect (see Figure 2) with the
formation of a six-member ring arrangement. The methoxonium
cation (CH3

-OH2
+) forms two very strong hydrogen bonds with

the negatively charged zeolite. The OmHz distance of 1.047-
1.089 Å agrees with the values reported by Mihaleva et al.31

(1.110 and 1.052 Å) and Haase et al.64 (1.101 and 1.058 Å).
The OmHm distance (1.019-1.031 Å) is greater compared to
its equilibrium OH distance in covalent bonds (0.96-0.97 Å).

However, the methoxonium ion is not a stable species during
methanol adsorption on MAPO-34 (M) Si, Ti, Zr). Instead,
two physisorbed structures were identified. The first shown in
Figure 3 has a methanol bridging across the metal defect. The
second is similar, except the methanol bridges across the
aluminum defect. The former configurations are relatively more
stable by 8.5, 5.3, and 0.3 kJ/mol, respectively. Values for the
adsorption energy and the geometry of a methanol molecule
interacting with the zeolite clusters are listed in Table 2. The
equilibrium structures of the acidic sites and of the methanol
adsorption complexes of all zeolites studied are remarkably
similar. Methanol interacts with the zeolite framework through
two hydrogen bonds to form an eight-member ring. One is
through the bridging hydroxyl species of the zeolite cluster
model, and the other weaker hydrogen bond is formed by an
oxygen atom of the zeolite framework. The two structures for
CH3OH adsorbed on SiAPO-34 differ in terms of methanol
coordination: in the latter, the methanol proton forms a single
hydrogen bond with the ring, whereas in the former, a bifurcated
hydrogen bond is formed. A slightly different configuration is
observed for the Zr-a, which is a six-member ring. The oxygen
atom of methanol (Om) is in close interaction with the cluster
acid proton (Hz): the OmHz distance is between 1.46 and 1.68
Å. For Si, Ti, and Zr-AlPO-34, there was no evidence of
methanol protonation.

The Hm-Hz distances were between 1.58 Å (MgAPO-34)
and 1.63 Å (MnAPO-34) (Table 1) for the methoxonium ion
complexes and between 1.94 Å (SiAPO-34) and 2.13 Å
(ZrAPO-34) for the neutral complex (Table 2). These results
are in good agreement with the values of 1.81-1.92 Å and 1.57
Å calculated for the neutral complex and the ion-pair complex,
respectively.65,66 All calculations suggest that whether the
methanol is protonated or not by the MAPO-34 (M) Mn, Zn,
Mg, Si, Ti, Zr) zeolite has little effect on the methanol C-O
bond, in agreement with previous calculations.41,67,68

TABLE 2: Adsorption Modes, Structural Parameters (Å),
and Adsorption Energies (kcal/mol) for the Adsorption of
CH3OH onto the Cluster MAPO-34 (M ) Si, Ti, Zr) at the
B3LYP/LANL2DZ-6-31G** Level

mode Om-Hz Om-Hm Oz-Hz Oz-Hm
a Hm-Hz C-O Eads

Si a 1.460 0.974 1.050 2.212 1.941 1.438 19.08
b 1.545 0.968 1.025 2.219 2.129 1.442 17.05

Ti a 1.544 0.972 1.023 2.211 2.085 1.435 15.78
b 1.525 0.969 1.024 2.164 2.069 1.435 14.76

Zr a 1.676 0.974 1.005 2.178 2.128 1.435 13.35
b 1.465 0.967 1.029 2.285 2.048 1.441 13.27

a Distance of the methanol proton to the closest framework oxygen
atom.

Eads) E(cluster)+ E(CH3OH) - E(cluster+ CH3OH)
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To obtain a better insight into the influence of the zeolite
lattice on adsorbed methanol and the adsorption complexes,
periodical crystal calculations are necessary.

3.2. Periodical Approach.To compare the cluster calcula-
tions, methanol adsorbed on the three different modes is also
considered using periodic calculations. In the case of periodic
calculations, both physisorbed and chemisorbed adsorption
structures for CH3OH adsorbed on MAPO-34 (M) Mn, Zn,
Mg) were observed. For CH3OH adsorbed on the MAPO-34
(M ) Mn, Zn, Mg), the chemisorbed adsorption structure has
relatively higher adsorption energy of 20, 19, and 16 kJ/mol
(Table 3), respectively, indicating that the preferred mode for
CH3OH adsorption on MAPO-34 (M) Mn, Zn, Mg) is end-

on chemisorption across the metal site. Similar to the cluster
observations, relaxation of the CH3OH adsorption complex
resulted in an equilibrium structure in which the acidic proton
is transferred to the methanol yielding a methoxonium ion
connected to the zeolite framework by two strong H bonds
differing in length by approximately 0.021, 0.005, and 0.012 Å
for Mn, Zn, and Mg, respectively (Figure 4; data for Si, Ti,
and Zr, respectively, can be seen in Figure 5). CH3OH adsorbed
on MnAPO-34 exhibited a physisorbed equilibrium structure
with two intermolecular H bonds of nearly the same length (see
Figure 4). Framework distortions of the eight-member ring
allowed the methanol hydrogen atom to interact not with an
oxygen atom belonging to the AlO4 tetrahedron but with the

Figure 4. Equilibrium geometry found for CH3OH adsorbed on Mn-, Zn-, and Mg-AlPO-34 with the periodic models. Selected bond distances are
given in angstroms.
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second nearest-neighbor oxygen in the eight-member ring as
shown in Figure 4 (Mn-b). This is qualitatively the same as
observations by Nusterer et al.67 for sodalite calculations and
by Haase64 for chabazite calculations. With the change in model
size from cluster to periodic, the adsorption energy changes by
1-6 kcal/mol for M) Zn, Mg. However, a significant change
of 11 kcal/mol is observed for MnAPO-34.

Regarding the central question as to whether methanol is
protonated or not, the same conclusion as for the cluster studies
was observed for MAPO-34 (M) Si, Ti, Zr): the stable form
of the adsorption complex is two physisorbed modes stabilized
by one short and rather strong and one much weaker hydrogen
bond. From Table 4, it is evident that the difference in adsorption
energy between the two modes is small (0.1-12 kJ/mol).
Interaction of the Bronsted acid proton with the O atom of CH3-

OH leads to slight elongation of the OzHz bond distance but
does not result in proton transfer. Hydrogen bonding between

Figure 5. Equilibrium geometry found for CH3OH adsorbed on Si-, Ti-, and Zr-AlPO-34 with the periodic models. Selected bond distances are
given in angstroms.

TABLE 3: Adsorption Modes, Structural Parameters (Å),
and Adsorption Energies (kcal/mol) for the Adsorption of
CH3OH onto the MAPO-34 (M ) Mn, Zn, Mg) at the
GGA/PBE Level

mode Om-Hz Om-Hm Oz-Hz Oz-Hm
a Hm-Hz C-O Eads

Mn a 1.065 1.044 1.451 1.522 1.573 1.472 23.00
b 1.404 0.977 1.086 2.785/2.78 1.977 1.458 18.23

Zn a 1.053 1.058 1.498 1.461 1.568 1.471 21.67
b 1.360 0.976 1.107 2.618 1.903 1.462 17.24

Mg a 1.046 1.058 1.521 1.468 1.569 1.471 23.90
b 1.220 0.992 1.199 3.036 1.836 1.461 20.10

a Distance of the methanol proton to the closest framework oxygen
atom.
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the Oz atom of the zeolite framework and the Hm atoms of CH3-
OH is observed with a bond distance between 2.094 and 2.843
Å.

4. Conclusions

In the present work, the interaction of CH3OH with MAPO-
34 (M ) Mn, Zn, Mg, Si, Ti, Zr) was investigated using
quantum chemical DFT calculations with the cluster and periodic
models, which both yielded the same results for MAPO-34 (M
) Si, Ti, Zr): the stable form of the adsorption complexes is
two physisorbed methanol molecules stabilized by one short
and rather strong and one much weaker hydrogen bond. In
contrast, we found that a proton transfer without a barrier takes
place in MAPO-34 (M) Mn, Zn, Mg) and that a chemisorbed
methoxonium ion is the more stable structure of adsorbed
methanol.
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TABLE 4: Adsorption Modes, Structural Parameters (Å),
and Adsorption Energies (kcal/mol) for the Adsorption of
CH3OH onto the Cluster MAPO-34 (M ) Si, Ti, Zr) at the
B3LYP/LANL2DZ-6-31G** Level

mode Om-Hz Om-Hm Oz-Hz Oz-Hm
a Hm-Hz C-O Eads

Si A 1.427 0.977 1.077 2.34/2.47 1.894 1.451 16.00
B 1.392 0.983 1.088 2.843 1.949 1.450 18.81

Ti A 1.524 0.980 1.047 2.097 1.956 1.448 17.63
B 1.541 0.975 1.038 2.417 1.983 1.453 17.76

Zr A 1.572 0.982 1.034 2.094 2.034 1.449 17.42
B 1.530 0.976 1.040 2.386 1.974 1.452 17.44

a Distance of the methanol proton to the closest framework oxygen
atom.
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