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Abstract

Conversions of acetaldehyde to hydroxyethylene, acetone to 2-hydroxypropylene, butanone to 2-hydroxybutene and 2-pentanone to :
hydroxypentene catalyzed by H-ZSM-5 have been theoretically studied using quantum chemical methods. Geometry optimizations of the
local structures of species reacting with H-ZSM-5 zeolite using 3T-DFT and 5T-DFT cluster models computed at B3LYP/6-31G(d) level
and 50/3T-ONIOM2 cluster model computed at ONIOM(B3LYP/6-31G(d):AM1) level have been carried out. Three steps of the reaction
mechanism were found and thermodynamic properties of each reaction steps and equilibrium constants of overall reaction have been obtaine
The overall reaction of the conversion for all systems is endothermic reaction. The activation energies of all conversion reactions derived a
three different methods are reported.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction selectivity to aromaticg30]. The methane reactions in Mo/H-
ZSM5 were investigatef1] and the Co/H-ZSM-5 was used
The few last decade up to present, zeolites have playedfor propane conversion to propene and to C6—C8 aromat-
very importantrole inthe petroleum and petrochemical indus- ics for dehydrogenation and dehydrocyclization of alkanes
tries. They have been known as the one of the most impor-[32]. The siting and coordination of Cuions in zeolite
tant heterogeneous catalyfts-4]. Therefore, zeolites were  ZSM-5 have been studied by a combined quantum mechan-
widely studied for their acidic properties of Brgnsted acid ics and interatomic potential function technigi83]. The
sites[5,6] using several techniqugg—21]. The hydrogen- reaction pathways and the energetics for the direct methane-
bonded complexes due to the interaction between watersmethanol and benzene-phenol conversions that occur on the
and Brgnsted acids of zeolites were studi2@-22] ZSM- surface of Fe-ZSM-5 zeolite were analyzed using density
5 (Zeolite SOCONY Mobile-5) is one of the most useful functional theory (DFT) computatiori84]. The coordina-
catalysts that have been widely used in the petroleum andtion of divalent metal cations to ZSM-5 has been investi-
petrochemical industries. H-ZSM-5 was widely used in the gated using gradient-corrected DFT method. Coordination
conversion of light alkanes to aromatics with low selectiv- at both isolated charge-exchange sites and pairs of charge-
ity because of cracking side reactiof3—-29] The cata- exchange sites was considered for many divalent transition
lysts of exchanged cations on H-ZSM-5 were used in many metal cation$35].
reactions. The Zn/H-ZSM-5 was used to increase propane Protolytic cracking of ethane in ZSM-5 zeolites has
conversion turnover rates, hydrogen formation rates, andbeen investigated using quantum-chemical techniques and
a cluster model of the zeolite acid site. An aluminosili-
* Corresponding author. Tel.: +66 2218 7644; fax: +66 2254 1309. cate cluster model containing five tetrahedral atoms was
E-mail addressvithaya.r@chula.ac.th (V. Ruangpornvisuti). used to locate all of the stationary points along a reaction
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path for ethane cracking at the HF/6-31G(d), B3LYP/6- molecular orbital + molecular orbital IMOMO) meth{4b]
31G(d), and MP2(FC)/6-31G(d) levels of thedi§6]. A which is implemented as the two-layered ONIOM(MO:MO)
theoretical study of the cracking reaction of thiophene by methodology[46]. The geometries of these clusters were
small zeolitic cluster catalysts has been reported and it hasprepared from the ZSM-5 crystal lattice structure reported
been shown that the cracking of thiophene was catalyzedin the literature[47]. The 50T cluster employed with the
by Lewis basic oxygen aton{87]. The isomerization and two-layered ONIOM calculation is finally called as the
transalkylation reactions of aromatic species catalyzed by 50/3T-ONIOM2 model.
acidic zeolite were theoretically studied using the cluster
DFT calculations. All different reported mechanisms of iso- 2.2. Methods of calculation
merization and transalkylation have been investigated and
analyzed[38]. The structures and electronic properties of Full geometry optimizations of the configuration of
the Brgnsted acid site in B, Al or Ga isomorphously substi- species interacting with the 3T and 5T clusters were car-
tuted ZSM-5 zeolites were studied by ab initio Hartree-Fock ried out for all stationary points using DFT method. The
(HF) and DFT method§39]. The interactions of methane DFT calculations have been performed with the Becke’s three
with Brgnsted acid sites in H-ZSM-5 were investigated both parameters hybrid density functional using the Lee, Yang
experimentally and theoretical[t0]. The dehydrogenation  and Parr correlation functional (B3LY¥8-50] Geometry
and cracking reactions of isobutane over zeolite H-ZSM-5 optimizations of the 50T cluster model have been carried out
represented by double-ring 20T cluster were studied at theusing the hybrid ONIOM methodolod$1,52], known as the
DFT/B3LYP level of theory[41]. The propene, 1-hexene, 50/3T-ONIOM2 calculation model. The ONIOM2(MO:MO)
and 3-hexene protonation over representative H-ZSM-5 clus-approach employed for the 50T cluster subdivides the real
ters to give covalent alkoxide intermediates were theoreti- system in two different layers, each one being described at
cally studied using DFT metho@?2]. The vibrational fre- a high and low levels of theory. The active site of H-ZSM-5
guencies, structural, energetic, and spectroscopic propertiezeolite and reacting compounds called as the model system is
of the acid sites of zeolite ZSM-5 were studigt3,44] described at the highest level of theory whereas the rest of the
using three-layered ONIOM(B3LYP/6-311+G(d, p):HF/3- zeolite is computed at a lower level. The real and model sys-
21G(d):MNDO) method. To rationalize and get more under- tems of H-ZSM-5 zeolite and reacting compounds used for
standing on the experiments of conversion reaction of alde- the two-layered ONIOM(MO:MO) calculations are shown in
hyde to unsaturated alcohols, the aim of this work is therefore Fig. S2 (Supplementary datd)he energies computed at the
to theoretically study the reaction mechanisms of the con- B3LYP/6-31G(d) for 3T (3T-DFT) and 5T (5T-DFT) cluster
version reactions of acetaldehyde to hydroxyethylene, ace-models and the ONIOM2(B3LYP/6-31G(d):AM153,54]
tone to 2-hydroxypropylene, butanone to 2-hydroxybutene for 50/3T model have been carried out with the zero-point
and 2-pentanone to 2-hydroxypentene catalyzed by H-ZSM- vibration energy corrections.
5 using various cluster models. These conversion reactions The transition-state structures of 3T-DFT and 5T-DFT
have been theoretically investigated employing the calcula- cluster models optimized at B3LYP/6-31G(d) level of theory
tions at B3LYP/6-31G(d) level of theory for 3T, 5T cluster have been located using the reaction coordinate method
models and ONIOM(B3LYP/6-31G(d):AM1) level of theory referred to the synchronous transit-guided quasi-newton
for 50T cluster model. The energetics and thermodynamic (STQN) calculation[55]. The transition states were con-
quantities of these catalytic reactions of all models have firmed by one imaginary frequency. The intrinsic reaction
been determined and compared with non-catalytic and water-coordinate (IRC) methofb6] was used to track minimum
catalyzed models. energy paths from transition structures to the corresponding
minimum. For 50/3T-ONIOM2 calculation model, the tran-
sition structures of all related species have been located using

2. Computational details the B3LYP/6-31G(d)-optimized transition structure of the
3T cluster model as an initial geometry of the computation.
2.1. Zeolite cluster models The reaction energnE?%, standard enthalpy\H2%¢ and

Gibbs free energy changesG2%8 of all reactions have been

Three sizes of the H-ZSM-5 clusters 3T, 5T and 50T derived from the frequency calculations at B3LYP/6-31G(d)
are modeled as the molecular catalyst interacting with the level of theory. The reaction entropiass?® of all reactions
adsorbent. These H-ZSM-5 cluster models were employedwere derived from individual value of entropy of related
in the computation of the interaction between the modeled species obtained at the same level of theory. All computa-
structure and interacting species. The 3T and 5T, respectivelytions were performed using the GAUSSIAN 03 program
defined as the structures3zBi(OH)AI(OH)2(0O)SiH; and packagg57]. The MOLDEN 3.7 prograni58] was utilized
H3Si(OH)AI(O SiH3)2(0)SiHz are shown inFig. S1 (Sup- to observe molecular energies and geometries convergence
plementary data)The 50T cluster consisting of forty-nine via the Gaussian output files. The molecular graphics of
silicon and one aluminum tetrahedral (Si/Al=49) shown in all species were generated with the MOLEKEL program
Fig. S2 (Supplementary dats)modeled with the integrated  [59].



70 A. Rattanasumrit, V. Ruangpornvisuti / Journal of Molecular Catalysis A: Chemical 239 (2005) 68-75

» <1

C
A+D A ‘W'ﬂu ’—%ﬁ‘:m U‘ 2110

v 0y
b G 4.180 1030; O ¥ .260 099, ™
o — —_— J— ? —
~ L L - ~ - ~
A 1%
d

<] 4]

(a)

HETH + ZH

ACD + HZ INTI_1

Fig. 1. Reaction steps for acetaldehyde conversion on (a) 3T-DFT, (b) 5T-DFT and (c) 50/3T ONIOM2 cluster models.

3. Results and discussion The computed stretching vibrational frequencies of
hydroxyl groups at the reaction-involved oxygen atoms (O
Conversion reactions of acetaldehyde (ACD) to hydrox- and &) and the selected geometry parameters (bond dis-
yethylene (HETH), acetone (ACT) to 2-hydroxypropylene tance and bond angle) onthe 3T and 5T clusters of H-ZSM-5
(HPRO), butanone (BTN) to 2-hydroxybutene (HBUT) and zeolite are tabulated ifable S3Table S¥hows that the com-
2-pentanone (PTN) to 2-hydroxypentene (HPEN) were inves- puted OH stretching vibrational frequencies of H-ZSM-5 at
tigated on the 3T, 5T and 50T clusters of H-ZSM-5 cat- atoms Q (3734.9cm!) and @ (3735.7 cnl) are almost
alyst compared to non-catalytic and water-catalyzed mod- the same positions. The computed stretching vibrational fre-
els. The systems of conversion reactions according to thequencies of hydroxyl groups at atoms @r reactant-side
reactants acetaldehyde, acetone, butanone and 2-pentanonetermediate and @for product-side intermediate for all
are also designated as ACD, ACT, BTN and PTN sys- systems are hardly ever different but smaller than their cor-
tems, respectively. Relative energies and thermodynamicresponding isolated-H-ZSM-5 OH vibrational frequencies
properties of all systems and models were computed fromby approximate 700cth Relative energies and thermo-
the frequency calculations at the B3LYP/6-31G(d) level of dynamic quantities of related species of systems acetalde-

theory. hyde, acetone, butanone and 2-pentanone for 3T and 5T
cluster model are listed imable 1 The order of the reac-

3.1. Geometrical structures, energetics and tion energies for all models is in decreasing order: systems

thermodynamic quantities PTN>ACT >BTN>ACD. The conversion constants of the

reaction systems ACD, ACT, BTN and PTN ofthe 5T and 3T

The geometrical structures of reactants acetaldehyde, ace(in parentheses) cluster models arehog—13.35 (-14.72),
tone, butanone and 2-pentanone were optimized at B3LYP/6-—14.46 (-16.33),—14.65 (-17.35) and—14.70 (-16.42),
31G(d) level of theory. Geometrical data for these reactants, respectively.
their corresponding transition-state structures and products The computed stretching vibrational frequencies of
of non-catalytic (gas phase) and water-catalyzed models aréhydroxyl groups at the reaction-involved oxygen atoms
listed inTable S1 and S2 (Supplementary dateypectively; (O2 and @) and selected geometry parameters (bond dis-
their atomic numbering are shownfiig. S1 The geometrical ~ tances and bond angles) on 50T cluster of H-ZSM-5 are
structures of the involved species of the systems acetaldehyddabulated inTable S4 It shows that the computed OH
(ACD), acetone (ACT), butanone (BTN) and 2-pentanone stretching vibrational frequencies of H-ZSM-5 at atoms O
(PTN) employing the 3T-DFT and 5T-DFT calculation mod- (3752.4cn!) and G (3750.5cntl) are almost the same
els are shown irFigs. la—b, 2a—b, 3a—b and 4aréspec- positions. The computed stretching vibrational frequencies
tively. of hydroxyl groups at atoms £for reactant-side interme-
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Table 1
Relative energies and thermodynamic quantities of related species of various systems on 3T and 5T cluster models
System/enerdy AEtD AE298& AH?98& AG29%& ASPo8d logK
ACD system

ACD +HZ - 0.00(0.00) 000(0.00) 000(0.00) 000(0.00)

INT1.1 - —1452(~14.76) —14.92(~15.02) —1.87(-3.75) —4379(~37.81)

TS1 18.33(20.39) B1(5.63) 270(4.82) 1916(18.92) —55.20(—47.29)

INT2_1 - 192(2.90) 137(2.09) 1635(16.34) —50.23(—47.79)

HETH + ZH - 1775(17.21) 1776(17.15) 1863(17.20) —2.95(-0.18) —1335 (—14.72)
ACT system

ACT +HZ - 0.00(0.00) 000(0.00) 000(0.00) 000(0.00)

INT1.2 - —17.90(—17.94) —16.90(—16.74) —6.26(—9.02) —35.68(—25.91)

TS:2 18.56(20.79) ®%6(2.85) 072(3.17) 1440(15.01) —4591(-39.72)

INT2.2 - 037(1.91) 079(2.61) 1348(13.27) —4256(—35.74)

HPRO +ZH - 2008(19.53) 2062(19.91) 2048(19.05) 013(2.90) —14.46 (—16.33)
BTN system

BTN+HZ - 0.00(0.00) 000(0.00) 000(0.00) 000(0.00)

INT1.3 - —16.43(~16.35) —16.22(~16.05) —4.35(—6.34) —39.83(~32.56)

TS3 17.89(20.04) 16(3.69) 063(3.13) 1632(17.25) —54.32(—47.37)

INT2.3 - 143(2.99) 101(2.21) 1563(17.34) —49.05(—50.72)

HBUT +ZH - 1875(18.20) 1856(18.05) 2M05(18.62) —4.67(—1.90) —14.65 (—17.35)
PTN system

PTN+HZ - Q00(0.00) 000(0.00) 000(0.00) 000(0.00)

INT1.4 - —14.92(~14.89) —15.80(~14.65) —0.56(—3.47) —51.14(~37.50)

TSA4 17.92(20.15) B0(5.26) 214(4.65) 1852(19.20) —55.26(—48.80)

INT2.4 - 310(4.45) 214(3.68) 1872(18.94) —5562(~51.18)

HPEN +ZH - 2037(19.83) 2019(19.58) 2208(20.65) —6.34(—3.58) —14.70 (—16.42)

@ For 5T and 3T (in parenthesis) cluster models of H-ZSM-5, computed at B3LYP/6-31G(d) level of theory.
b Activation energy, in kcal mott.

¢ In kcal mol1,

9 |n calmortK-1.
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Fig. 2. Reaction steps for acetone conversion on (a) 3T-DFT, (b) 5T-DFT and (c) 50/3T ONIOM2 cluster models.
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Table 2
Relative energies and thermodynamic quantities of related species of various systems on 50T cluster model
System/enerdy AEtD AE?9% AH?298& AG298& AT logK
ACD system

ACD+HZ - 0.00 000 000 000

INT1.1 - —11.23 -1111 —0.66 —-3507

TS1 19.39 816 7.33 2076 —45.06

INT2_1 - 360 332 1569 —-4151

HETH+ZH - 17.89 17.90 17.85 017 —11.98
ACT system

ACT + - 0.00 000 000 000

INT1.2 - ~14.06 ~12.94 -359 -3136

TS.2 19.34 528 549 1763 —40.74

INT2_2 - 339 4.02 1524 —37.64

HPRO +ZH - 2022 2066 1969 325 —13.80
BTN system

BTN+HZ - 0.00 000 000 000

INT1.3 - -1386 —1356 -2.42 -37.35

TS3 20.01 615 544 2037 -50.10

INT2_3 - 430 4.07 1773 —45.80

HBUT +ZH - 1889 1881 1927 —-1.55 —-14.77
PTN system

PTN+HZ - Q00 000 000 0000

INT1 4 - —-1213 —-11.90 048 —4152

TS A4 19.98 185 716 2208 -50.05

INT2 4 - 584 565 1914 —45.26

HPEN +ZH - 2051 2033 2129 -3.22 —13.68

@ For 50/3T cluster model of H-ZSM-5, computed at ONIOM2(B3LYP/6-31G(d):AM1) level of theory.
b Activation energy, in kcal mott.

¢ In kcal mol2.

4 In calmolrt K1,

diate and Q@ for product-side intermediate for all systems of acetaldehyde is hardly ever affected by double 10T-
are hardly ever different but smaller than their corresponding membered ring of 50T cluster. For the ACT system, the
isolated-H-ZSM-5 OH vibrational frequencies by approxi- molecules of acetone and acetaldehyde are hardly differ-
mate 700 cml. Relative energies and thermodynamic quan- ent but the molecular arrangement of acetone on the 50/3T
tities of related species of systems acetaldehyde, acetonegluster model are quite different from the 5T and 3T mod-
butanone and 2-pentanone are listedable 2 The conver- els (seeFig. 2. However, the molecular arrangements of
sion constants of the reaction systems ACD, ACT, BTN and the species interacting with 5T and 3T cluster models for
PTN of the 50T cluster model are l6g=—11.98,—13.80, ACT system are still different. As the molecules of butanone
—14.77 and-13.68, respectively. Relative energies and ther- (BTN) and 2-pentanone (PTN) are bigger than the acetalde-
modynamic quantities of related species of various systemshyde and acetone, the molecular arrangements of butanone
on the 50T cluster model are listed irable 2 The geo- and 2-pentanone on the 50/3T cluster model are obviously
metrical structures of the involved species of the systems different from the 5T and 3T models, sEigs. 3 and 4The
ACD, ACT, BTN and PTN of the 50/3T-ONIOM2 model 50/3T-ONIOM2 calculation model is an appropriate tool for
are shown irFigs. 1c, 2c, 3c and 4cespectively. The order  the electronic calculation in the H-ZSM-5 catalyst system.
of magnitudes of the conversion constants is in decreasing
order: ACD>ACT>BTN>PTN for 3T-DFT and 5T-DFT  3.3. Reaction coordinate
calculation models and ACD >PTN > ACT > BTN for 50/3T-
ONIOM2 calculation model. The potential energy surfaces for keto-enol isomeriza-
tion of acetaldehyde, acetone, butanone and 2-pentanone
3.2. Molecular arrangement on different cluster models of non-catalytic shown irFig. S3 (Supplementary data)
water-catalyzedifig. S4 (Supplementary dat@)d 3T-DFT,

Due to the molecular configurations of acetaldehyde inter- 5T-DFT and 50/3T-ONIOM2 inFig. 5 are presented. The
acting with H-ZSM-5 zeolite as three different clusters 3T, activation of non-catalytic reactions of systems ACD, ACT,
5T and 50T, shown ifrig. 1, the molecular arrangement of BTN and PTN, shown irFig. S3 (Supplementary dataje
acetaldehyde on these clusters are quite similar. All clus- 69.38, 65.92, 66.22 and 67.87 kcal/mol, respectively. Activa-
ter models employed for this system (ACD) should give the tion energies due to the activation steps of the water-catalyzed
correct computational results, because the small moleculemodel of the systems ACD, ACT, BTN and PTN, shown in
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Fig. 3. Reaction steps for butanone conversion on (a) 3T-DFT, (b) 5T-DFT and (c) 50/3T ONIOM2 cluster models.

Fig. S4 (Supplementary dataye 38.07, 38.29, 39.30 and 17.92 (20.15) kcal/mol, respectively. Activation energies due
41.59 kcal/mol, respectively. Activation energies due to the to the activation steps of the 50T cluster model of the sys-
activation steps of the 5T and 3T (in parentheses) clustertems ACD, ACT, BTN and PTN shown iRig. 5are 19.39,

models of the systems ACD, ACT, BTN and PTN shown in  19.34, 20.01 and 19.98 kcal/mol, respectively. In this work,
Fig. 5are 18.33 (20.39), 18.56 (20.79), 17.89 (20.04) and the relative energies computed by the 3T-DFT and 5T-DFT

PTN + HZ INT1_4 . HPEN +ZH

Fig. 4. Reaction steps for 2-pentanone conversion on (a) 3T-DFT, (b) 5T-DFT and (c) 50/3T ONIOM2 cluster models.
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Fig. 5. Potential energy surface for keto-enol isomerization of (a) acetaldehyde, (b) acetone, (c) butanone and (d) 2-pentanone on threeelduster mod
H-ZSM-5. Relative energies are derived from the 50/3T-ONIOM2, 5T-DFT [in bracket] and 3T-DFT (in parenthesis).

models show the underestimated values as compared to théongkorn University. We are also thankful to the Thailand
50/3T-ONIOM2 model. Research Fund (TRF) for giving an encouragement of present
work.

4. Conclusion

Conversions of acetaldehyde to hydroxyethylene, acetoneAppendlx A. Supplementary data
to 2-hydroxypropylene, butanone to 2-hydroxybutene and 2- Supplementary data associated with this article can
pentanone to 2-hydroxypentene catalyzed by H-ZSM-5have o ¢ \nq “in the online version a@ni:10.1016/j.molcata.
been theoretically studied using 3T-DFT and 5T-DFT cluster 2005.06.612 '
models computed at the B3LYP/6-31G(d) level and 50/3T-
ONIOM cluster model computed at the ONIOM(B3LYP/6-
31G(d):AM1) level have been carried out. The activation
energies of all systems ACD, ACT, BTN and PTN catalyzed
by H-ZSM-5 zeolite are obviously lower than non catalytic [1] W. Hdlderich, M. Hesse, F. 8umann, Angew. Chem. Int. Ed. Engl.
and water-catalyzed models. As catalytic ability of H-ZSM-5 27 (1988) 226.
zeolite depending on the activation of these conversion reac- [2] A. Corma, Chem. ReV. 95 (1995) 559.
tions, the H-ZSM-5 can be applied in the production of some [3] H. Ghobarkar, O. S, U. Guth, Prog. Solid St. Chem. 27 (1999)
unsaturated alcohols. The 50/3T-ONIOM2 calculation model 29.

. . | for the el . lculation in the H [4] S.E. Sen, S.M. Smith, K.A. Sullivan, Tetrahedron 55 (1999) 12657.
is an appropriate tool for the electronic calculation in the H- (5] J. Valyon. G. Onyestk, L.V.C. Rees, J. Phys. Chem. B 102 (1998)
ZSM-5 catalyst system.

8994.
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