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Abstract

Density functional theory was applied to study the location and the acid strengtldo$tBd acid sites in MCM-22 zeolite. The calculations
were performed based on cluster model by using of B3LYP hydride functional and 6-31G** basis set. The replacements of Si by Al at eig
inequivalent tetrahedral crystallographic sites and the corresponding Si(OH)AI sites were examined by calculating the (Al,H)/Si substigytion en
deprotonation energy, hydroxyl stretching vibtational frequency and the adsorption energy of some basic probe molecules on the acid cen
According to the calculated results it was predicated that the most favorable sites for framework Al substitutions in MCM-22 were T1, T3, and
sites and the most preferabledisted acid sites were on Al1(O3H)Si4, Al4(O3H)Si1, and AI3(O11H)Si2 bridged groups. The first two acid sites
located on the 12-membered ring in the supercages, and the third located in the10-membered ring sinusoidal channels. Evaluating of acid stre
by the calculated ammonia adsorption energies revealed that Al1(O3H)Si4 and Al4(O3H)Si1 sites display the similar acidity, and that stron
than AI3(O11H)Si2. The calculated hydroxyl vibrational frequencies of three acid sites were 3628&18 cnt?, and 3592 cm'(corrected
with scaling factor 0.948), respectively, consistent with the reported FTIR experimental data. It was clarified that the calculations of aeprotonat
energy and hydroxyl stretching frequency were strongly dependent on the lattice configuration surrounding the Si(OH)AI acid center, therefc
it was obscure using these properties to characterize the acidities from site to site. Nevertheless, adsorption energy of probe molecule on ze
cluster with adequate size would reflect practically the acid strength corresponding to different zeolite structures.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction isomerization, conversion of paraffins to olefins and aromatics,
and alkylation of paraffins with light olefifd—8]. Indubitably,
MCM-22 possesses a unique crystal structure containing twthe acidity (number, location, and strength of the acid sites)
independent pore systerfi§. One of the channel systems con- plays an important role in the catalysis. Recently, Mo loaded
tains two-dimensional sinusoidal 10-MR (member ring) chan-MCM-22 catalyst has been shown to be an excellent catalyst for
nels, while the other system consists of large supercages (1Biethane dehydroaromatization with higher benzene selectivity
MR) with dimensions 7.8 x 7.1A x 18.1A. The supercages than Mo/HZSM-5 catalysi9]. Many studies have revealed that
stack one above another through double prismatic six-memb&lCM-22 behaves like both 10- and 12-MR zeolifg8,10-12]
rings and are accessed by slightly distorted elliptical 10-MR con- A number of studies have been carried out for locating frame-
necting channels. In general, the synthesized MCM-22 zeolitework aluminum atoms and the &nsted acid (B-acid) sites of
crystallized as very thin plates with an extremely large exterMCM-22 by using solid-state NMR and FTIR characteristics
nal surface aref®,3], on which distributed the 12-MR pockets. [13-23] Upon2’Al MAS NMR experiments, Kennedy et al.
The protonic form of MCM-22 is an active catalyst for many [13] had identified three kinds of framework Al atom and Ma
reactions requiring acidic sites such as catalytic cracking, olefiet al.[23] found four kinds of framework tetrahedral Al atoms
existing in different chemical and crystallographic environments
or in different pore systems. The location of protonic acid sites
* Corresponding author. Tel. +86 411 4216763; fax: +86 411 84258088, Was also discussed from FTIR technologies. Four hydroxyl
E-mail address: dhzhou@dicp.ac.cn (D. Zhou). bands were detected in IR spectrum of pure MCM-22 samples
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and that of low temperature adsorption with weakly basic probdorm was used for accurate studies. The models were cutfromthe
molecules such as CO, NHand pyriding20,24—-25] The large  crystallographic structure of MCM-22. The dangling Si atoms
band centered at 3626 cthwas resolved into two single com- were terminated by H atoms along the bond direction of next
ponents at 3628 cit and 3618 cm! which were assigned to lattice oxygen atoms with a distance of 1‘54.6Terminating of
Si(OH)AI groups located in supercages and in sinusoidal charsi with OH was found not possible because some framework
nels. The shoulder at 3585 crmwas attributed to Si(OH)Al  oxygen atoms are shared with two Si atoms. During geometric
groups positioned in a hexagonal prism between two supercagesgtimizations the Cartesian positions of terminal silyl groups
[25]. The fourth component (3670 cth) was ascribed to the were held fixed in their crystallographic positions to retain the
AIOH groups linked to extraframework Al species. zeolite structure, while other lattice atoms relaxed. To avoid a

Theoretical calculationN6—31]are very useful for studying distortion of lattice structure, the bridge oxygen atom in TOT
the energetics of substitution of aluminum for silicon at differentangle of 180 in the cluster models was held fixed during the
T sites, and also for the prediction of acid strength, stability, an@ptimizations.
the possible location of Binsted acid sites (B-acid) in zeolites.  All calculations in this work were carried out with Gaussian
A lot of theoretical calculations have made contributions for98 program packagi89]. We used hydride B3LYP exchange
sitting framework Al atoms in ZSM-5 zeolif@6,29-34] correlation functional for all calculations. It was shown that

A few of theoretical calculation studies were carried out forthe hydride DFT methods such as B3LYP give more accurate
MCM-22 zeolite. Sastre et gI35] have performed the theoret- results for zeolite calculations, especially for the system includ-
ical calculations on the substitution energy of aluminum at dising hydrogen bonds and weak interacti¢#6,41] They have
tinct T sites and the stretching frequency of bridged hydroxyls iralso been shown to predict O—H vibrational frequencies of com-
MCM-22 by using atomistic simulation techniques. A strongerparable accuracy to experimental dd2—-45] The basis set
acidity was predicted for the centers located in supercages. Howsed for all elements was 6-31G**.
ever, the calculated energies of acid centers were only approx-
imate, and the calculations based on quantum chemistry woulsl Results and discussion
be needed to obtain more accurate results. Wang [@&jhave
made DFT calculations on the proton hopplng inside MCM-223.]. Substitution energy Offramework Al atom
zeolite. They also studied the acidity on the external surface of
MCM-22 zeolite with triphenylphosphine as basic probe using The structure of MCM-22 showing eight different T sites is
both 3P MAS NMR measurement and MM/QM calculations shown inFig. 1 T1 and T4 locate on 12-MR of supercages and
[37]. Their works have confirmed the existence of protonic acid
on the external surface of MCM-22 correlating to T1(03)T4
B-acid sites.

In this work, density functional theory (DFT) is used to study
the framework Al substitutions, the location and the strength
of B-acids in MCM-22 zeolite. B3LYP/6-31G** method was
used and the calculations were performed on 5T and 8T models.
From the calculations it is proposed that the favorite sites for
Al substitution are assigned to T1, T3, and T4 sites, whereas
the least favorite site is found at T2. The preferred B-acid sites
may exist on Al1(O3H)Si4, Al4(O3H)Si1, and AI3(O11H)Si2
bridged groups. The strength of protonic acid is evaluated based
on the calculations of proton affinity, atomic charge on proton,
hydroxyl stretching vibrational frequency, and the interaction
energy with different basic molecules. In addition, the influ-
ences of the lattice configuration surrounding the acid center on
Bronsted acidity are discussed.

2. Models and methodology

The refined hexagonaP6/mmm structure of pure silica
MCM-22 from Leonowicz et al[1] was used for calculations.
There are eight inequivalent T sites in a unit cell of MCM-22
zeolite, the labeling of which (sé&g. 1) is refined from thdtlas
of Zeolite Framework Types [38]. Aluminium atom was intro-
duced in each of eight inequivalent T positions, and producing , .
four bridging hydroxyl Si(OH)AI for each Al site. Small cluster N N RN AKX
model of 5T in T(OSiH)4 form was firstly used to do a coarse
research. And then 8T cluster model ing&iO)RTOT(OSiHs)3 Fig. 1. Structural model of MCM-22 showing the eight different T sites.
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T2, T3, and T8 locate in 10-MR sinusoidal systems with T2, T3 _
connecting to the bottom of supercages. T5 exists on the inner ' =
wall of supercages, and T6 locates in the 10-MR connecting
channels with a T6—O-T6 angle of 180'he only one T site 46.48
embedded inside the framework pocket is attributed to T7, which
is inaccessible to the reactant molecules and excluded from
our calculations. Substitution of Al(Ill) to framework Si(IV)
results in the changes of lattice geometry and introduce a neg-
ative charge. For compensation, the proton can be introduced
on one of four oxygen atoms adjacent to Al. In order to avoid
the collapse of the zeolite framework, T6 site would not be con-
sidered for Al substitution taking into account its TOT angle of s645¢]
180°. Moreover, some bridged O—H groups are inaccessible by
reactants because they locate inside the framework or point to — —
zeolite lattice, and were also excluded from our calculations. g
The substitution energy;(Al,H)/Si, was determined by
comparing the energy of relaxed Si cluster model with that of

— 0

4647

Energy (a.u.)

46.46 /|

—

T103T4 T2011T3 T209T5
TOT sites

Fig. 2. The calculated (Al,H)/Si substitution energies (a.u.) for different TOT

Ei(Al, H)/Si = E[T;(Al, H)] — E[(T:(Si)] cegnters based on 8T cIl(Jster)modeI in MCM-22 ze%lites(. )
corresponding relaxed (Al,H) cluster model. The lower the
E;(Al,H)/Si, the more stable the B-acid site, and thereforeabove considerations, we propose Al1(O3H)Si4, Si1(O3H)Al4,
the more favorable for locations of framework Al atoms andand Si2(O11H)AI3 for the preferable B-acid sites, in which the
Si(OH)AI bridged groups. first two sites locate at the intersection between the supercages

Firstly, a rough approach searching the possible B-acid sitegnd the 10-MR connecting channels or the external surface of
was carried out based on 5T model in order to economize th¥ICM-22, and Si2(O11H)AI3 site exists at the intersection of
enormous computations. Upon this basis further detailed studhe sinusoidal channels.
ies with 8T model were performed. The preliminary results In order to obtain more accurate results and to explore the
showed that the higheBt(Al,H)/Si was found on AlI5(08H)Si5.  lattice configuration factors influencing the B-acidity, we have
All bridged groups involving Al2 site gave high&(Al,H)/Si,  done further calculations with 8T cluster model centered with
indicating that T2 site is unfavorable for the localization of TOT bridged group related to T1, T2, T3, T4, T5, and T8 sites.
Al. According to the calculated;(Al,H)/Si, we can propose All selected models are sorted to five groups. Each one contains
that the preferred location of framework Al atoms are at T1,the same framework structure, but Al atom replaced the left or
T3, T4, and T5 sites. The resulted corresponding Si(OH)Athe right T site of the TOT bridge, producing the substituted
species can be sorted into three groups according to their stabfPrms of AI(OH)Si or Si(OH)AI. The calculated substitution
ities. The first group with best stability includes Al1(O3H)Si4, energies for some of TOT sites are showfrig. 2 The left and
Si1(O3H)Al4, and Si2(O11H)AI3 sites, their relative substi- the right columns of each pair represent respectively the sub-
tution energies referenced to AIS(O8H)Si5 sitef;, were stituted form of AI(OH)Si and Si(OH)AI. Frorfig. 2one can
—66 kJ/mol—58 kJ/mol, and-47 kJ/mol, respectively. The sec- see that Al1L(O3H)Si4 and Si1(O3H)Al4 sites show lower sub-
ond group with middle stability is consisted of Al1(O2H)Si6, Stitution energies, while the sites related to Al2 give higher sub-
Si4(0O6H)AI5 and Si2(O9H)AIS sites, theikE; were approx-  Stitution energies. T3 located on the hexagonal prism between
imately —37 kJ/mol. The other species withE; less than two supercages delivers two kind of bridged hydroxyl groups,
—25kJ/mol are sorted to the third group. Table 1listed the  Si2(O11H)AI3 and AI3(O12H)Si3. Our calculated results indi-
calculated energies based on 5T cluster models related to ti§@ted that ©H group on AI3(O12H)Si3 bridge was pointing to
different TOT sites. The orientation of the bridged O—H bondsthe cavity of supercages, while-® group on Si2(O11H)AI3
and their location environment inside the zeolite pores werdridge was pointing to the sinusoidal channels. The substitu-
also marked. Those bridged hydroxyl species, which locate ition energy of Si2(O11H)AI3 was 44 kJ/mol lower than that of
supercages, 10-MR sinusoidal channels and connecting chafi3(O12H)AI3, implying that the former is the preferred site
nels with G-H bond pointing to the channels or pores, are easilyfor acidic proton. The case related to A5 was excluded due to
accessible by reactant molecules, and therefore are attributed®r previous argument. For Al substitution at T8, the calculated
the preferable B-acid sites. For Si4(O6H)AI5 and Si2(O9H)AI5,substitution energy showed a good stability, but-ATB-Si7
although they have lower substitution energies, theiH®ond ~ bond angle changed from 186 173.0 with fixed O5 atom
orientations do not direct to the channels, so they are less realignd to 163.5 with relaxed O5 atom, respectively. That implies
tic B-acid sites. In practice, the commonly synthesized MCM-22hat the replacement of Si by Al at T8 may induce the distortion
zeolites have Si/Al ratio of 15-30, corresponding to 4-2 frameof the lattice framework. On this view, T8 site is unfavorable
work Al atoms per unit cell, one can expect a localization selecfor Al location. According to above results, three protonic acid
tivity for Al substitutions, because we believe the frameworksites are confirmed for the preferable B-acid sites: Al1(O3H)Si4,
aluminum are not randomly distributed the lattice. In terms ofSIL(O3H)Al4, and Si2(O11H)AI3.
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The calculated (Al,H)/Si substitution energies based on 5T cluster models and the localizations of B-acid sites in MCM-22 zeolite

T(OH)T center Etot (A.U.) E(AlLH)/Si (a.u.) AEre (kJ/mol) Location of TOT centér Direction of O—H bond?
Al1-O2H-Si6 —1709.43287 46.48180 -37.0 i 1
Al1-O3H-Si4 —1709.44415 46.47052 —66.6 ke 1
Al1-O4H-Si7 - - - A A
Al2-O9H-Si5 —1709.40502 46.48933 —-19.2 Ees I
Al2-O10H-Si8 —1709.40676 46.48759 —-21.8 O 1
Al2-0O11H-Si3 —1709.40700 46.48735 —22.4 O 1
AI3-0O11H-Si2 —1709.42907 46.47766 —-47.8 O 1
AlI3-012H-Si3 —1709.41506 46.49059 —-13.9 Ees I
AI3—-O13H-Si3 —1709.41361 46.49204 -10.1 O 1
Al4-O3H-Si1 —1709.44078 46.47375 —-58.1 Ees 1
Al4—O6H-Si5 - - - 2t I
Al4-O7H-Si4 —1709.42811 46.48647 —-24.7 g 1
Al5-O6H-Si4 —1709.42529 46.48157 -37.6 Ees Il
AlI5-0O8H-Si5 —1709.41098 46.49588 0 O il
AlI5—-09H-Si2 —1709.42518 46.48168 -37.3 Ees Il

a (1) 10-MR connecting channe{) supercage &) framework, () sinusoidal channel,l() pointing to the channel or the pore, arigl e on the framework wall.

3.2. Proton affinity and atomic charge on proton

Al1(O3H)Si4 and Si1(O3H)Al4 sites. As one would expect from
simple chemical arguments, the sites with the lowest (Al,H)/Si

The acidity of B-acid can be predicted from the calculatedsubstitution energy associate closely with the sites of highest
proton affinity (PA) of zeolite models. Models that exhibit a high PA. However, our calculation results did not follow this rule
PA are poor proton donors and, therefore, have lo@nBted
acidity. The PA of protonic acid in zeolite can be reasonablyThis fact may be explained by the influence of the various lat-
approximated by the deprotonation energyzfyp) correspond-

ing to the reaction:

Zeo—-OH —» Zeo-O +H™T

AEgp= E(Zeo-O') — E(Zeo—OH)

The calculatedAEgp for models denoting different T sites

are shown inFig. 3. In this section we just focused on
the B-acid sites with better stability. It can be seen tha

very well. A reversed case was found for Si2(O11H)AI3 site.

tice configurations around TOT center, which affect SiOAl anion
and neutral SiOSi center through short- or long-range factors,
varying from site to site.

Another measure for B-acidity is the atomic charge on pro-
ton, which represents the ease that aflHbond dissociates
heterolytically. The larger thgy and the G-H distance, the
stronger the B-acidity. ITable 2listed the calculated proton
charges and €H bond distances for different optimized models.

lBoth of Mulliken and NBO charges were obtained for compari-

Al1(O3H)Si4 and Si1(O3H)AIl4 sites have equivalent PA values,sr? n. I,f,,isff mmﬂnly ac_(lz_f]ptehd thEt NBO c?_arge d‘? more relliailale
whereas Si2(O11H)AI3 is 10 kJ/mol higher. Our results revea|a" Mulliken charge. This has been confirmed in our calcula-
that the acidity at Si2(O11H)AI3 site is slightly weaker than

2 1280/

2

-

B0

QL

i3] 1260/

8 E

=

g

©

3 1240/

o

1220 —

T2011T3 T209T5
TOT sites

tions in which the longer ©H bond distance is correlated to the
larger NBO charge on proton. From the datdable 2we can

see that for AlI1(O3H)Si4 and Si1(O3H)Al4, thei and O-H
bond distance are approximately same, indicating a similar acid
strength. In the case of Si2(O11H)AI3, botkB®bond distance
and NBO chargey are slightly larger than other-&H groups,
implying a stronger acidity at this site. This is contrary to the
conclusion from PA calculations. We will discuss it in following
sections.

3.3. Calculated O—H stretching frequencies

A lower O-H stretching frequency implies a weakerB
bond strength and the- group behaves as a stronger acid. In
this work, frequency calculations were based on the constrained
cluster model. The calculated OH stretching frequeng(@s)
from part of bridged hydroxyls involving different surrounding
configurations are listed ifiable 3 The scaling factor in our
present work was taken as 0.9f®]. The corrected frequen-
cies for Al1(O3H)Si4 and Si1(O3H)Al4 were 3628 chand

Fig. 3. The calculated deprotonation energies (kJ/mol) for different TOT centerg’G:]'7 cm=, reSpeCtNEIy' exce”ently consistent with the exper-
based on 8T cluster model in MCM-22 zeolites.

imental valueq25]. The corrected(OH) for Si2(O11H)AI3
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Table 2

The calculated proton charges and thedDbond distance (8T models)

Models NBO charge Mulliken charge - distance,é)
qH q0 lgngol qH q0 lgrgol

Al1-O3H-Si4 0.571 —1.147 0.655 0.392 —0.611 0.240 0.9687

Si1l-O3H-Al4 0.577 —1.149 0.663 0.394 —0.612 0.241 0.9695

Si2—011H-AI3 0.583 —1.155 0.673 0.383 —0.583 0.223 0.9708

was 3592 cm?, about 7 cmi? larger than the experimental data ~ The results from our calculations showed a poor correla-
(3585 cntl), and the mean error is less than 0.1%. Our resultéion between proton affinities, atomic charges on proton and
are in good agreement with the experimental da20,25] O—H stretching frequencies to account for B-acidity, especially
Onida et al[25], using IR spectroscopy technology by Bind  for the bridging hydroxyl groups with different lattice environ-
CO adsorption, have characterized three kinds of B-acid sites ients. Perhaps some of the differences can be attributed to the
supercages (3628 cr), in sinusoidal system (3618 cth), and  finite cluster models, or not fully optimizing the zeolite frame-
on the hexagonal prisms between two supercages (3585cm Work structures. However, there is a better correlation for each
More experiments have also found the acidic Si(OH)AI atcouple of TOT sites with the same surrounding configuration.
3620cmt! and 3585cm? [16,20] Comparing with our cal- This reveals that zeolite framework structure plays an impor-
culated O-H stretching frequencies, we can propose that botiant role in the properties of proton affinity ane-B stretching
Al1(O3H)Si4 and Si1(O3H)Al4 sites located on 12-MR would frequency. Numbers of pervious works have been done for inves-
be responsible for the stronger peak at 3620tin IR spec- tigating the dependency of intrinsic acidity of zeolites on the
trum, and the B-acid site in sinusoidal system is assigned tghort- and the long-range factors, and found that the calculated
Si2(011H)AI3, which locates at the intersection of sinusoidalvalues depend on the model size in model cluster methods. Now
channels and is responsible for the weak band at 3578 cm it has been noticed by many researchers that the cluster model
in IR spectrum.Fig. 4 shows the proposed locations of the method cannot include the zeolite geometric features and the
preferable B-acid sites in MCM-22 zeolite. Here we have tolong-range factor of the framework (electrostatic effects), also
notice that Si2(O11H)AI3 bridged group is linked to the hexag-the clusters were treated as isolated molecules with terminat-
onal prism, other than locates on it with-8 bond pointing  ing hydrogen and restricted external shell frameworks. Some of
to the supercages, as proposed by other researf2@e5] possible approaches are use of hydrid methods such as embed-
In addition, we must take caution in assigning Si2(O11H)Al3ded clustef46—-48]or QM/MM methodg49-51] Recently, Lo

site as a stronger acid site merely based on its comparativend Trouf{52] used periodic models of chabazite to investigate
smallerv(OH) value. The larger SiZ011-AI3 bond angle and  the acid strength and its relationship with the zeolite geometric
the structural tension in surrounding lattice may account for thé@roperties. They found that the calculated deprotonation energy
smallerv(OH)value. In spite of the conflict betweefOH) and  is notcorrelated to the-eH bond length or vibrational stretching
acidity, a good correlation between Si(OH)AI bond angles andrequency. Sillar and Burfs3] used ONIOM method including
v(OH) were found for all models in our calculations. The larger

the Si(OH)AI bond angle, the lower the calculatg®H)s. In T1(03H)T4

Table 3one can see that for TL(O3H)T4, T2(O11H)T3, and
T2(O9H)T5, no matter which T site is replaced by Al, i{©H)
values decrease with increased T-O-T angles, depending nei-
ther on the local chemical structures, i.e. Si(OH)AI or AI(OH)SiI
form, nor on the surrounding configurations around TOT center.
It further reveals the short-range factors playing a crucial role
on the G-H stretching vibrational frequency of B-acid.

Table 3
The calculated &H bond stretching frequencies (ci) and A-O-Si bond
angle () based on 8T cluster models in MCM-22

TOT center 6-31G**/ Al-O-Si Experimental values
(x0.948) angle () (Ref.[25])

Al1l-O3H-Si4 3827/(3628) 131.7

Si1l-O3H-Al4 3816/(3618)  134.6 3628 for supercage
Si2—011H-AI3 3789/(3592) 138.7 3610 for sinusoidal channel
Al2-O11H-Si3  3785/(3588)  139.0

Al2-O9H-Si5 3714/(3521) 143.9 3585 for hexagonal prism

Si2—O9H-AI5 3648/(3458)  145.8 ) . S ;
Fig. 4. Scheme for the location of B-acid sites in MCM-22 zeolite.
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Table 4 tion heats of 115kJ/mol for H-MCM-22 and 118 kJ/mol for
The calculated interaction energies between the adsorbing bases and the acificz g\-5. Our calculations have gotten the interaction energies
center based on 8T cluster models (k¥/mol) of 122 kJ/mol on both T1 and T4 sites and 104 kJ/mol on T3 site
NH3 CsHsN CoHa N2 for MCM-22, showing good agreement with the experimental
Al1-O3H-Si4 122.82 111.77 102.66 1552 data. _ .
Si1-O3H-Al4 126.23 110.69 101.80 15.18 Pyridine adsorption formed PyHZ~ complex (seéig. 5).
Si2-O11H-AI3 104.60 79.26 87.98 10.50 During the course of the optimization, the proton on zeolite
Al2-011H-Si3 111.56 81.52 89.79 11.20 was transferred to pyridine, resulting in a zwitterionic complex

between protonated pyridine and the zeolite anion. The hydro-
. o ,fgen on the carbon neighbored to nitrogen in pyridine was close
159-176 atoms to study the properties of the acid sites in difg, 16 prigged oxygen adjacent to the B-acid center. Meloni et

ferent crystallographic positions of zeolite ZSM-5. Their resultsal_ [20] have predicted this configuration in their experiment,

showed poor correlat!on between the deprotonation energy anfhd have determined the differential heats of 140150 kJ/mol
O-H stretching vibrational frequency. However, the dlfferencesby microcalorimetry. Our calculations obtained the interaction

in properties of the acid sites in different crystallographic pOSi'energies of 111 kJ/mol on T1 and T4. and 79 kJ/mol on T3.

tions are better resolved in interaction with carbon monoxidebue to the larger volume of pyridine molecule and its adsorb-
permitting better comparison between the computational anghq configuration, the spatial resistance limited its interaction on
experimental results. So, it is necessary to measure the B-acjfly i,ctural restricted Si2(O11H)AI3 sifég. 5d). This result
strength using the adsorption energy of basic probe mOIeCUIG'eprains the experimental fid0] that the band at 3575 cn

reduced only slightly after adsorbing pyridine, suggesting the
3.4. Interaction with different adsorbing probe molecules related protonic acid site interacted weakly with pyridine.

In this work, ammonia, pyridine, nitrogen, and ethene3 4.2 [nreraction with nitrogen
molecules are selected as probes to measure the acid strengthNitrogen adsorption was studied because of its weak base
of different protonic acid centers by calculating their inter- nature and small size. The obtained stable adsorption com-
action energies and the perturbation on theHObond.  plexes are the H-bonded species with slightly elongateti O
The interaction energy is defined as the energy differencgond length. The lower adsorption energies at T1, T4, and
before and after absorption of the probe molecule (B):T3 of 10-15kJ/mol indicate the weak interaction. The calcu-
Eint = E(Z-OH) +E(B) — E(Z-OH-- -B). All calculated results |ated shift in G-H bond stretching vibrational frequency, after
are listed inTable 4 No zero-point energy corrections and interaction of the probe molecule with the bridged hydroxyl
basis set superposition errors (BSSE) were considered. It Cajtoup, can be reliably used as a measure of the strength of
be seen that for all types of adsorbents, the interaction enefydroxyl bond, which in turn is correlated with the acidity of
gies on Al1(O3H)Si4 and Si1(O3H)Al4 are equivalent, whereashe acid site§40,55] The obtainedAvon value at T1 and T4
on SIZ(OllH)A|3 is Sllghtly lower than others. These reSUltSare_126 Crn_l and —139 Crn_l, respective|y, in good agree-
reveal that the strength of protonic acid in supercages is relnent to the experiment by Onida et f5]. They found that
atively stronger than in 10-MR sinusoidal systems, which isthe adsorption of nitrogen at 77K resulted in the red shift of
in good agreement with the experiments. The interaction enegg26 cnrl (Avon ~ —120 cnt?, width 70 cntl). The Avon
gies of basic probes at Si2(O11H)AI3 and Al2(O11H)Si3 areyalue at T3 site from our calculations97 cni !, however, no
similar, revealing that the adsorption is more affected by zeoppyious shift was found in the experimd@s].
lite structure than by chemical constitution. The calculations
of interaction energy for four different types of probe molecules3 4.3, mteraction with ethene
lead to accordant conclusions. The perturbation of the weak base puring methane dehydro-aromatization on Mo/H-MCM-22
(nitrogen and ethane) adsorption on thetObond length and  catalyst, ethene molecules may as intermediates go through
O-H stretching vibrational frequencies were showable 5 oligomerization reaction to produce benzg6k The catalytic

performance depends on the acid strength of protonic acid sites.

3.4.1. Interaction with ammonia and pyridine In this work, we have calculated the interaction energies of

Ammonia and pyridine are both basic molecules, but exhibiethene on different B-acid sites and listedTable 4 For all
obviously different spatial features. It can be indicated by theacid sites, the stable adsorbed configurations were the H-bonded
equilibrium geometry of ZOH—NEKIthat NH; become proto- complexes, in which the symmetry plane of theorbital of
nated in contact with zeolite cluster models, with two hydrogerethene molecule was quasi-perpendicular to the axis of bridged
atoms pointing to two lattice oxygen atoms adjacent to Al atomhydroxyl. Our obtained geometry is similar to the form from
The distances between the hydrogens and the lattice oxygens dhe experimentgdb6,57]and calculated resul{d0] for ZSM-5
equivalent. A similar configuration has been obtained by Yuarzeolite. In Table 4it can be seen that the interaction ener-
et al.[34] in their calculations on ammonia adsorption on thegies of GHs molecules at T1 and T4 sites are equivalently
acid site of ZSM-5. Using microcalorimetry Dragoi et (4] 102 kJ/mol, while at T3 site is 88 kJ/mol. Furthermore, thdHO
have determined the differential heat of ammonia adsorptiobbond at T1 and T4 sites elongated 0&)2and the value of
on H-MCM-22 and H-ZSM-5. They found the average adsorp-Avoy was found as—428cnt! and —433cnt?, similar to
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Table 5
The values of the distances and stretching frequencies-¢f Bond before and after adsorbed with &hd GH4 probe
d(0—H) (A) d(0—H) (A) Ad(O—H) (A) w(O—H) (cm™) V(O—H) (cm™1) Av(O—H) (cm1)

Al1l-O3H-Si4 +N 0.969 0.975 0.006 3827 3701 -126
Sil-O3H-Al4 + N 0.969 0.976 0.007 3816 3677 —139
Si2—-011H-AI3+N 0.971 0.976 0.005 3789 3692 -97
Al1-O3H-Si4 + GH4 0.969 0.989 0.020 3827 3401 —428
Si1-O3H-Al4 + GHy4 0.969 0.990 0.021 3816 3383 —433
Si2—011H-AI3 + GH4 0.971 0.983 0.012 3789 3542 —247

(a) (b)

(©) J (d

Fig. 5. Calculated structures of adsorbing complexes of the basic probes on the B-acid sites of MCM-22 Zeolite. (a) Ethene on Al1(O3H)Si4, (bpmammonia
Si2(011H)AI3, (c) pyridine on Al1(O3H)Si4, and (d) pyridine on Si2(O11H)AI3.

the value observed experimentally by Onida et-aB90 cnt1) Bronsted acid sites as well as the acidity were predicted. The
[25]. O'Malley and Franworth have reported the calculated harsubstitution energies of Al at eight inequivalent T sites were
monic vibrational shift for the ©H bond of —307cnt® for ~ calculated using the cluster models in form T(OgiHand
ZSM-5 [58], the result compared with the experimental value(HsSIORTOT(OSitg)s, defined as 5T and 8T models, respec-
of —389cnT1[56]. In the case of T3 site, a remarkably low tively. B3LYP hydride functional and 6-31G** basis set were
Avop value (-247 cnml) was obtained, indicating a weaker used.

interaction with ethene. These results indicate that the B-acid 8T model is confirmed to be adequate for evaluation of pro-
centers in the supercages of MCM-22 are more favorable fotonic acidity of zeolites, which can reflect the medium- and
the catalytically oligomerization of ethene. Based on our resultshort-range effectors of the lattice on the intrinsic acidity of
it is concluded that the stronger @rsted acid site correlate to B-acid. The calculations reveal that protonic acidity depends
both Al1(O3H)Si4 and Al4(O3H)Si1, while relative weaker site €xtremely on the configuration of lattice environment around the

locate at AI3(O11H)Si2. TOT group. Better correlations are found for each couple of TOT
sites with the same kind of environment. In this case, the substi-
4. Conclusions tution of different T sites to Al atom leads to different stability

and acidity. The difference in (Al,H)/Si substitution energies
DFT method was used to study the location of frame-is larger than that of proton affinities. The measurements from
work aluminum atom in MCM-22 zeolite, and the preferable PA, v(OH), g+, Eint are in good consistent with each other for



18 D. Zhou et al. / Journal of Molecular Catalysis A: Chemical 244 (2006) 11-19

evaluation of the intrinsic acidity. Whereas, for the TOT group[14] A. Corma, C. Corell, V. Fores, W. Kolodziejski, J. rez-Pariente, Zeo-
with different lattice environments, no linear relationships have lites 15 (1995) 576. ‘ _
been found for PA and(OH). Nevertheless, PA's are well con- [15] S. .Unverncht, M. Hunger, S. .Ernst, H.G. Karge,' J. Weitkamp, |n.: J.

. . . . . — Weitkamp, et al. (Eds.), Zeolite and Related Microporous Materials:
S'St?”t with the |nteragt|on en?rgles of B-acid sites and adsorbed State of the Art 1994, Studies in Surface Sciences and Catalysis, vol.
basic molecules. The interaction energy depends notonly onthe g4 part A, Elsevier, Amsterdam, 1994, p. 37.
acid—base action, but also on the multiple interactions betwegmeé] R. Ravishankar, T. Sen, S. Sivasanker, S. Ganapathy, J. Chem. Soc.
zeolite frameworks and basic molecule. The latter involve spatial  Faraday Trans. 91 (1995) 3549. _
effect, i.e. the steric hindrance at the acidic centers. Thereforj”] M. Hunger, S. Emst, J. Weitkamp, Zeolites 15 (1995) 188.

the calculated interaction eneraie ith appropriate models ¢ %"8] W. Kolodziejski, C. Zicovich-Wilson, C. Corell, J.&Pez-Pariente, A.
u interaction energies with appropri S Corma, J. Phys. Chem. 99 (1995) 7002.

reflect the short- and medium-range factors, are more reasopy; s.L. Lawton, A.S. Fung, G.J. Kennedy, L.B. Alemany, C.D. Chang, G.H.
able for measuring the acidity of B-acid with different kind of Hatzikos, D.N. Lissy, M.K. Rubin, H.C. Timken, S. Steuernagel, D.E.
environments and in different zeolites. Woessner, J. Phys. Chem. 100 (1996) 3788.

From calculated (Al,H)/Si substitution energies it was pre-12! 2b;\|"eg’;‘tgls'A.'-gg:lgez'lz'(’;"g‘(;tli?vs';"' Guisnet, E. Rombi, V. Dolonas,
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