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Methanol adsorption in isomorphously substituted MAPO-34%NIn, 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 PerdeBurke—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-AIPO-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 A) 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 (1.3921.676 A) and one that is much weaker (1.9481036 A).

1. Introduction HsC HiC

The hydrogen form of zeolites is applied in many catalytic \
reactions such as the conversion of methanol to gasoline (MTG) H H
process. This is an important process that has attracted H : !
considerable attention from both industrial and academic I

researcher4.® In the past decades, attention has been focused\x-/o\z/o\ -~ \z/o\x/o\ ~

on H-ZSM-587 Recently, metal-substituted aluminophosphates & \ & 3( § \ _Y
(MAPOSs) have attracted considerable intefeit.Although a s ° H s H
significant number of studies have investigated the properties (a) end-on-M (b) end-on-ALP

of isomorphously substituted zeolit®s2° our understanding

of how heteroatoms modify the structure and electronic proper- HyCoo /I'l

ties of acid sites, and thus, affect their adsorption and catalytic 0
behaviors, is far from complef€2122 To the best of our :
knowledge, there are no reports in the literature of comparative H
studies of methanol adsorption in isomorphously substituted |
MAPO-34 (M = Mn, Zn, Mg, Si, Ti, or Zr) zeolite, which is AN O
. . Y X PR
an important catalyst for methanol-related reactions. \ & {X=AI; Y=P; Z=Si, Ti, Zr
Many experimental and theoretié&l®* studies have dem- ¥ Al \ X=FP; Y=Al; Z=Mn, Zn, M
onstrated that the first stage in the MTG reaction is the
adsorption of methanol on the Bronsted acid sites of the zeolites | ) ) )
network3® where the formation of a hydrogen-bonded or Figure 1. Schematic representation of the three adsorption modes:
protonated methanol species is possible. However, the natur (2) end-pdn (bridging across metal), (b) end-on (bridging across Al or
. ' L~ , (c) side-on.
of the species formed on initial methanol adsorption is unclear ). ©s
from experiments, since infrared spectroscopy Ry and ) ) .
nuclear magnetic resonance (NMRY techniques cannot of the MTG process. Studies using clusters containing of the

distinguish unambiguously between physisorbed methanak, CH order of 10 tetrahedral atoms to model adsorption of a single
OH-HOZ, and chemisorbed methanol, §3H,*-—0Z, where methanol molecule at an acid site revealed that methanol was
HOZ represents a zeolite Bronsted site @ represents a 0Ny physisorbed?#* Recently, the adsorption of methanol in
deprotonated acid site. In the last decades, theoreticalST (tetrahedral) rings was theoretically studied using DFT
studie@®314041have started to shed light on the initial stages methodsi132 The results revealed that the hydrogen-bonding
species are energetically favored with respect to the protonated
*To whom correspondence should be addressed. E-mail: kihan System. However, a cluster has the major disadvantage of that
@dicp.ac.cn. it ignores all electrostatic interactions and the long-range
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Figure 2. Equilibrium geometry found for CE#OH adsorbed on Mn-, Zn-, and Mg-AIPO-34 with the cluster models. Selected bond distances are
given in angstroms.

codes are interesting, since it has recently become possible torABLE 1: Structural Parameters (&) and Adsorption
localize approximate transition structurésThe role of the Energies (kcal/mol) for the Adsorption of CH;OH onto the

zeolite structure in the activation of methanol has been studied Cluster MAPO-34 (M = Mn, Zn, Mg) at the B3LYP/

using a periodic approach, but the conclusions are somewhat-ANL2DZ-6-31G** Level

contradictory. By comparison of the adsorption energy and Om—H; On—Hm O;-H; O,~Hn* Hmn—H, C-O Eags

geometry of methanol on different zeolites, Stich et®dlave Mn  1.080 1.028 1.371 1524 1.626 1.462 33.59

concluded that protonation of a single methanol molecule may zn  1.073  1.019 1.398 1567 1.604 1.468 20.81

occur depending on the zeolite framework, whereas Haase etMg 1.047  1.031 1446 1557 1582 1.465 29.83

al*% have concluded that the zeolite framework does not have  apjstance of the methanol proton to the closest framework oxygen

a decisive influence on either the adsorption energy or the atom.

geometry?? Thus, the goal of the present study was to resolve

these issues and in particular to explore the factors identified 2. Computational Methods and Models

as important in previous studies. We consider three factors: (1)

Most notab]y’ the cluster approach ignores |0ng_range electro- Bronsted acid sites are introduced in MAPO-34 when divalent

static potential, which may have a considerable effect given the Mn?*, Zn?*, and M@" ions replace A" or tetravalent 3f,

partially ionic nature of zeolites. To compare the cluster results, Ti**, and Zf* ions replace P, with protonation of one of its

we adopted another approach: use of periodic boundaryfour nearestneighbor oxygen ions in the framework.

conditions to simulate the full zeolite structure. (2) The acid  2.1. Cluster Approach. All computations were performed

strength and catalytic activity, however, depend on the type of within Gaussian 08 using the B3LYP84°density functional,

metal dopant used. Thus, we investigatedsOH interaction which yields accurate results for the molecular structures and

with isomorphous substitution of aluminum or phosphorus atoms vibrational frequencies of zeolif€:5! The standard doublé-

by Mn, Zn, Mg or Si, Ti, Zr (MAPO-34) zeolites. (3) Three basis set, as reported by Hay and Wadind denoted as

adsorption models of the initial structure of the interaction LANL2DZ, is used to describe the electron density of the

between MAPO-34 and the GBH molecule are considered, valence electrons of Mn, Zn, Mg, Ti, Zr, whereas the electron

as shown in Figure 1. density of Si, Al, O, C, and H atoms is described using the
In the present study, theoretical interactions of;OH with standard 6-31G** basis set. It should also be noted that all

MAPO-34 (M = Mn, Zn, Mg, Si, Ti, Zr) zeolites were  energy values reported include corrections for zero-point energy

investigated to gain an understanding of the mechanism involvedbecause of their partial optimizations. In this study, basis-set-

at the electronic molecular level. This understanding representssuperposition-error (BSSE) corrections were not made for three

a basis for the rational design of improved catalysts. reasons: (1) BSSE is expected to be approximately the same
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Figure 3. Equilibrium geometry found for C#OH adsorbed on Si-, Ti-, and Zr-AIPO-34 with the cluster models. Selected bond distances are
given in angstroms.

for each of the clusters examin@t(2) we are only interested  coordinates at initial positions of 1.46 A (SH) and 1.55 A

in the adsorption complex in terms of the substituents nature; (Al—H) along the tetrahedral (T) bond. Geometry optimization
(3) we focused on change trends for the adsorption energy calculations were carried out to obtain a local minimum for
between methanol and the metal-modified zeolite. adsorption complexes.

An 8T ring was cut from AIPO-34, with dangling Al and Si 2.2. Periodical Approach.Comparative calculations based
bonds saturated by hydrogens atoms. To mimic the geometryon a generalized gradient approximation (GGA) in DFT with
constraints of the real zeolite structure in the calculations, we the periodic model were carried out using the DMplogram
included terminating hydrogen atoms with fixed Cartesian from Accelrys®* The PerderBurke—Ernzerhof (PBE) exchange
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and correlation function&f;5¢and the double-numeric-polarized ~ TABLE 2: Adsorption Modes, Structural Parameters (A),

(DNP)7-59 pasis set was also used. The DNP, all-electron basis a2nd Adsorption Energies (kcal/mol) for the Adsorption of

set comprises two numerical functions per valence orbital, CHzOH onto the Cluster MAPO-34 (M = Si, Ti, Zr) at the
. o . - .~ B3LYP/LANL2DZ-6-31G** Level

supplemented with a polarization function. Each basis function

was restricted to within a cutoff radius Bf,= 4.0 A, thereby mode G—H; On—Hm O;—H; O;—Hn® Hn—H; C—O Eass

allowing for efficient calculations without a significant loss of Si  a  1.460 0.974 1.050 2212 1.941 1.438 19.08

accuracy. The DM@l program uses numerical functions that b 1545 0.968 1.025 2219 2129 1.442 17.05
are far more complete than the traditional Gaussian functions, Ti E iggg 8'323 1'822 gié}l 3'823 1222 12;2
and therefore we expect BSSE contribution to be s@iéfl. 2t a 1676 0974 1005 2178 2128 1435 1335
b 1.465 0.967 1.029 2.285 2.048 1.441 13.27
3. Results and Discussion a Distance of the methanol proton to the closest framework oxygen

The methanol system was chosen as a test case for the preser?ttom'
DFT methods. To test the validity of our methods for handling

hydrogtlen :)(:nglngz thethenetrrgy for methr?nol_?lrl]mmelr form?tlsogowhereE(cluster) Ection), andEqiusier + chsory denote the energy
wads gag%uf el/ uslmfg ﬁ W(IJ approac(:j es. de va llJeSI OF > ealculated for a cluster without GBH, the free CHOH, and
and 5.85 kcal/mol for the cluster and periodic calculations, o o,ster with CHOH, respectively. The adsorption energy for

respectively, compare well with the experimentally estimated CH4OH adsorbed onto a periodic model was calculated simi-
range of 4.6-5.9 kcal/molf° larly

Although it is known from spectroscopic evidence that From Figure 2, it is clearly evident that GEIH is chemi-
methanol is initially adsorbed at Bronsted acid sffeshe sorbed onto MAP,O-34 (M= Mn, Zn, Mg), involving methanol
mechanism is still a matter of muqh debate. The first. point bridging across the metal d’efeét (sée Figure 2) with the
concerns whether both the physsorpgd and Chem'sorb.edformation of a six-member ring arrangement. The methoxonium
methanol structures correspond to minima on the potential cation (CH-OH,*) forms two very strong hydrogen bonds with
energy surface and, if so, which is more stable. Finite cluster the negatively charged zeolite. The.8, distance of 1.047
calculations have shown that only the unprotonated form of 1.089 A agrees with the valués reported by Mihale\}a &t al

me:L‘a”O' .Co”fesfl’.ok”dst to aminimum fot.rf.a g’T S'tet m@é.'ti‘he e (1110 and 1.052 A) and Haase e®4(1.101 and 1.058 A).
metnhoxonium lonlike structure was iaentified as a transition state The Q‘nHm distance (101_91031 A) is greater Compared to

for proton transfer between two framework oxygen atés. its equilibrium OH distance in covalent bonds (0-9697 A).
Later, contradictory to the 3T cluster calculations, a methoxo- H th h L t a stabl ies duri
nium cation was found to correspond to a local minimum rather ﬁwevler,d €me oxor&li\rggr;f nl!; g.s_?. ; sp‘leaes durmg
than a transition state for methanol adsorbed in 8T rings of met anot a sorption on '. ( =l r)._ hstead, .
chabazité&®3or gerieirte2? On the other hand, periodic calcula- two physisorbed structures were identified. The first shown in

tions3 revealed that the nature of the adsorbed methanol specieéz igure dS.has.a.Tnethanol btng?lng ai:rr]oss Iths .r(;wetal defect. me
can depend on the particular zeolite structure. Second, there>€cONd 1S similar, except the methanol bridges across ne

are a large number of ways in which methanol can bind to the aluminum defect. The former configurations are relatively more
Bronsted acid site of a zeolite catalyst. In the present study, stdable by 8.5, 5.3, anddo.r? kd/mol, resp?ctlvely.hVaIules fc|>r thle
three starting geometries were considered: 6-M (six-memberedfﬁl sorption energy and the geometry of a methanol molecule
fing, bridging across metal), 6-Al (P) (six-membered ring interacting with the zeolite clusters are listed in Table 2. The
bridéing across Al or P), and side-on (side-on geometry bridgin,g equilibrium structures of the acidic sites and of the methanol

across metal), as shown in Figure 1. The interaction between""_‘]ls_Orption complgxes of aII_ zeolites s_tudied are remarkably
isomorphously substituted MAPO-34 (M Mn, Zn, Mg, Si similar. Methanol interacts with the zeolite framework through

Ti, Zr), and CHOH was then investigated using cluster and t\r/]vo hyr(]jrc;]gerl; %onds ;o(;ormlan eight-mfemhber rir|1.g. Olne is
periodic methods, which are discussed in the following. through the briaging hydroxyl species of the zeolite cluster

3.1. Cluster Approach. Previous cluster-based studie® model, and the other weaker hydrogen bond is formed by an

: . h oxygen atom of the zeolite framework. The two structures for
suggested the formation of a six-member ring arrangement forCH3OH adsorbed on SIAPO-34 differ in terms of methanol
the methanol OH group and a zeolite-@l—O(H) group. In

the present study, three adsorption cases were considered fc)ﬁoordination: in the latter, the methanol proton forms a single
methanol adsorption on MAPO-34 (M Mn, Zn, Mg, Si, Ti, ydrogen bond with the ring, whereas in the former, a bifurcated

zr) (Figure 1) hydrogen bond is formed. A slightly different configuration is
) observed for the Zr-a, which is a six-member ring. The oxygen
In all three cases, when th_e structures were allowed to relax gtom of methanol (Q) is in close interaction with the cluster
to the closest local energy minimum, the same geometry as for 4.iq proton (H): the QuH, distance is between 1.46 and 1.68
the chemisorbed form was observed for Mn, Zn, and Mg. It & For si Ti, and Zr-AlPO-34, there was no evidence of
proved impossible to locate a minimum corresponding to Simply athanol protonation.

e e LT e The Hy, dstances were betusen 158 A (4gAPO-30)
g y b and 1.63 A (MnAPO-34) (Table 1) for the methoxonium ion

stable, without a barrlt_ar for proton trgnsfer. The geometry of complexes and between 1.94 A (SIAPO-34) and 2.13 A

the stable complex is illustrated in Figure 2. Table 1 lists the for th | | bl h |

adsorption energy values and structural parameters fg©OEH (ZrAPO-34) or the ”e“tfa complex (Table 2). These results
are in good agreement with the values of 18192 A and 1.57

adsorbed on_to the MAPO'3.4 (M: Mn, Zn, Mg) surfaces. A calculated for the neutral complex and the ion-pair complex,
The adsorption energyEgad is calculated according to the respectively?>66 All calculations suggest that whether the
formula methanol is protonated or not by the MAPO-34 &vMn, Zn,
E —E LE _E Mg, Si, Ti, Zr) zeolite has little effect on the methanot-O
ads™ (cluster) " =(CH;OH) (cluster+ CHZOH) bond, in agreement with previous calculatidh8’:68
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Figure 4. Equilibrium geometry found for CEOH adsorbed on Mn-, Zn-, and Mg-AIPO-34 with the periodic models. Selected bond distances are
given in angstroms.

To obtain a better insight into the influence of the zeolite on chemisorption across the metal site. Similar to the cluster
lattice on adsorbed methanol and the adsorption complexes,observations, relaxation of the GBIH adsorption complex
periodical crystal calculations are necessary. resulted in an equilibrium structure in which the acidic proton

3.2. Periodical Approach.To compare the cluster calcula- is transferred to the methanol yielding a methoxonium ion
tions, methanol adsorbed on the three different modes is alsoconnected to the zeolite framework by two strong H bonds
considered using periodic calculations. In the case of periodic differing in length by approximately 0.021, 0.005, and 0.012 A
calculations, both physisorbed and chemisorbed adsorptionfor Mn, Zn, and Mg, respectively (Figure 4; data for Si, Ti,
structures for CHOH adsorbed on MAPO-34 (M= Mn, Zn, and Zr, respectively, can be seen in Figure 5)3CH adsorbed
Mg) were observed. For GJ®H adsorbed on the MAPO-34 on MnAPO-34 exhibited a physisorbed equilibrium structure
(M = Mn, Zn, Mg), the chemisorbed adsorption structure has with two intermolecular H bonds of nearly the same length (see
relatively higher adsorption energy of 20, 19, and 16 kJ/mol Figure 4). Framework distortions of the eight-member ring
(Table 3), respectively, indicating that the preferred mode for allowed the methanol hydrogen atom to interact not with an
CH3OH adsorption on MAPO-34 (M= Mn, Zn, Mg) is end- oxygen atom belonging to the AlQetrahedron but with the
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Si-h

Ti-h

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

nai ; il ; TABLE 3: Adsorption Modes, Structural Parameters (A),
second nearest-neighbor oxygen in the eight-member ring 3Sand Adsorption Energies (kcal/mol) for the Adsorption of

shown in Figure 4 (Mn-b). This is qualitatively the same as cH,0OH onto the MAPO-34 (M = Mn, Zn, Mg) at the
observations by Nusterer et &lfor sodalite calculations and GGA/PBE Level

by Haasé for chabazite calculations. With the change in model mode Q—H, Op—Hm O,—H, O,~Hm® Hy—H, C—0O Eage
size from cluster to periodic, the adsorption energy changes by

1-6 kcal/mol for M= Zn, Mg. However, a significant change a 1.065 1044 1451 1522 1573 1.472 23.00
. b 1404 0.977 1.086 2.785/2.78 1.977 1.458 18.23

of 11 kcal/mol is observed for MnAPO-34. Zn a 1053 1.058 1.498 1.461 1568 1.471 21.67
Regarding the central question as to whether methanol is b 1.360 0.976 1.107 2.618 1.903 1.462 17.24
protonated or not, the same conclusion as for the cluster studiesMg a  1.046 1.058 1.521 1.468 1.569 1.471 23.90
b 1.461 20.10

was observed for MAPO-34 (M= Si, Ti, Zr): the stable form 1220 0.992 1.199 3.036 1.836
of the adsorption complex is two physisorbed modes stabilized 2 pistance of the methanol proton to the closest framework oxygen
by one short and rather strong and one much weaker hydrogeratom.

bond. From Table 4, it is evident that the difference in adsorption

energy between the two modes is small (012 kJ/mol). OH leads to slight elongation of the 8, bond distance but
Interaction of the Bronsted acid proton with the O atom 0CH  does not result in proton transfer. Hydrogen bonding between
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TABLE 4: Adsorption Modes, Structural Parameters (A),
and Adsorption Energies (kcal/mol) for the Adsorption of
CH30H onto the Cluster MAPO-34 (M = Si, Ti, Zr) at the
B3LYP/LANL2DZ-6-31G** Level

mode Q\—H; On—Hm O,—H; O,~Hm® Hp—H; C—0 Eags

Si A 1427 0977 1.077 2.34/2.47 1.894 1.451 16.00
B 1392 0.983 1.088 2.843 1.949 1.450 18.81
Ti A 1524 0.980 1.047 2.097 1.956 1.448 17.63
B 1541 0975 1.038 2417 1.983 1.453 17.76
Zr A 1572 0.982 1.034 2.094 2.034 1.449 17.42
B 1530 0976 1.040 2.386 1974 1452 17.44

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

the Q, atom of the zeolite framework and the,ldtoms of CH-

Kang et al.

(25) Blaszkowski, S. R.; Santen, R. A. Phys. Chem. B997 101,
2292.
(26) Blaszkowski, S. R.; Santen, R. Aop. Catal.1997, 4, 145.
(27) Haase, F.; Sauer, J. Am. Chem. S0d.995 117, 3780.
(28) Gale, J. D.; Shah, R.; Payne, M. C.; Stich, |.; TerakuraC#tal.
Today1999 50, 525.
(29) Stich, I.; Gale, J. D.; Terakura, K.; Payne, M. £.Am. Chem.
Soc.1999 121, 3292.
(30) Haase, F.; Sauer,Microporous Mesoporous Mate200Q 35, 379.
(31) Mihaleva, V. V.; Santen, R. A.; Jansen, A. PJJPhys. Chem. B
2001, 105, 6874.
(32) Mihaleva, V. V.; Santen, R. A.; Jansen, A. PJJChem. Phys.
2003 119, 13053.
(33) Govind, N.; Andzelm, J.; Reindel, K.; Fitzgerald, @t. J. Mol.
Sci.2002 3, 423.
(34) Govind, N.; Fitzgerald, G.; King-Smith, Dnt. J. Quantum Chem.
2003 91, 467.
(35) Kogelbauer, A.; Grundling, C.; Lercher, J. A.Phys. Chenl996

OH is observed with a bond distance between 2.094 and 2.843100 1852.

A.

4. Conclusions

In the present work, the interaction of @BH 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

(36) Forester, T. R.; Howe, R. B. Am. Chem. S0d.987, 109, 5076.

(37) Kubelkova, L.; Novakova, J.; Nedomova, K.Catal. 1990 124
441.

(38) Tsiao, C. J.; Corbin, D. R.; Dybowski, @.Am. Chem. Sod990
112 7140.

(39) Bosacek, VJ. Phys. Chem1993 97, 10732.

(40) Haase, F.; Sauer, J. Phys. Chem1994 98, 3083.

(41) Gale, J. DTop. Catal.1996 3, 169.

(42) Van Santen, R. AJ. Mol. Catal. A1997, 115 405.

(43) Vos, A. M.; Rozanska, X.; Schoonheydt, R. A.; van Santen, R. A.;
Hutschka, F.; Hafner, J. Am. Chem. So2001, 123 2799.

(44) Zygmunt, S. A.; Curtiss, L. A.; Zapol, P.; Iton, L. E.Phys. Chem.

and rather strong and one much weaker hydrogen bond. InB 200Q 104 1944.

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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