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Abstract

Density functional theory was applied to study the location and the acid strength of Brönsted 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 eight
inequivalent tetrahedral crystallographic sites and the corresponding Si(OH)Al sites were examined by calculating the (Al,H)/Si substitution energy,
deprotonation energy, hydroxyl stretching vibtational frequency and the adsorption energy of some basic probe molecules on the acid centers.
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ccording to the calculated results it was predicated that the most favorable sites for framework Al substitutions in MCM-22 were T1, T
ites and the most preferable Brönsted acid sites were on Al1(O3H)Si4, Al4(O3H)Si1, and Al3(O11H)Si2 bridged groups. The first two ac
ocated on the 12-membered ring in the supercages, and the third located in the10-membered ring sinusoidal channels. Evaluating of
y the calculated ammonia adsorption energies revealed that Al1(O3H)Si4 and Al4(O3H)Si1 sites display the similar acidity, and th

han Al3(O11H)Si2. The calculated hydroxyl vibrational frequencies of three acid sites were 3628 cm−1, 3618 cm−1, and 3592 cm−1(corrected
ith scaling factor 0.948), respectively, consistent with the reported FTIR experimental data. It was clarified that the calculations of depion
nergy and hydroxyl stretching frequency were strongly dependent on the lattice configuration surrounding the Si(OH)Al acid center

t was obscure using these properties to characterize the acidities from site to site. Nevertheless, adsorption energy of probe molecu
luster 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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. Introduction

MCM-22 possesses a unique crystal structure containing two
ndependent pore systems[1]. One of the channel systems con-
ains two-dimensional sinusoidal 10-MR (member ring) chan-
els, while the other system consists of large supercages (12-
R) with dimensions 7.1̊A × 7.1Å × 18.1Å. The supercages

tack one above another through double prismatic six-member
ings and are accessed by slightly distorted elliptical 10-MR con-
ecting channels. In general, the synthesized MCM-22 zeolites
rystallized as very thin plates with an extremely large exter-
al surface area[2,3], on which distributed the 12-MR pockets.
he protonic form of MCM-22 is an active catalyst for many
eactions requiring acidic sites such as catalytic cracking, olefin

∗ Corresponding author. Tel.: +86 411 4216763; fax: +86 411 84258088.
E-mail address: dhzhou@dicp.ac.cn (D. Zhou).

isomerization, conversion of paraffins to olefins and aroma
and alkylation of paraffins with light olefins[4–8]. Indubitably,
the acidity (number, location, and strength of the acid s
plays an important role in the catalysis. Recently, Mo loa
MCM-22 catalyst has been shown to be an excellent cataly
methane dehydroaromatization with higher benzene selec
than Mo/HZSM-5 catalyst[9]. Many studies have revealed t
MCM-22 behaves like both 10- and 12-MR zeolites[5,8,10–12].

A number of studies have been carried out for locating fra
work aluminum atoms and the Brönsted acid (B-acid) sites
MCM-22 by using solid-state NMR and FTIR characteris
[13–23]. Upon 27Al MAS NMR experiments, Kennedy et a
[13] had identified three kinds of framework Al atom and
et al.[23] found four kinds of framework tetrahedral Al ato
existing in different chemical and crystallographic environm
or in different pore systems. The location of protonic acid s
was also discussed from FTIR technologies. Four hydr
bands were detected in IR spectrum of pure MCM-22 sam

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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and that of low temperature adsorption with weakly basic probe
molecules such as CO, NH3, and pyridine[20,24–25]. The large
band centered at 3626 cm−1 was resolved into two single com-
ponents at 3628 cm−1 and 3618 cm−1 which were assigned to
Si(OH)Al groups located in supercages and in sinusoidal chan-
nels. The shoulder at 3585 cm−1 was attributed to Si(OH)Al
groups positioned in a hexagonal prism between two supercages
[25]. The fourth component (3670 cm−1) was ascribed to the
AlOH groups linked to extraframework Al species.

Theoretical calculations[26–31]are very useful for studying
the energetics of substitution of aluminum for silicon at different
T sites, and also for the prediction of acid strength, stability, and
the possible location of Brönsted acid sites (B-acid) in zeolites.
A lot of theoretical calculations have made contributions for
sitting framework Al atoms in ZSM-5 zeolite[26,29–34].

A few of theoretical calculation studies were carried out for
MCM-22 zeolite. Sastre et al.[35] have performed the theoret-
ical calculations on the substitution energy of aluminum at dis-
tinct T sites and the stretching frequency of bridged hydroxyls in
MCM-22 by using atomistic simulation techniques. A stronger
acidity was predicted for the centers located in supercages. How-
ever, the calculated energies of acid centers were only approx-
imate, and the calculations based on quantum chemistry would
be needed to obtain more accurate results. Wang et al.[36] have
made DFT calculations on the proton hopping inside MCM-22
zeolite. They also studied the acidity on the external surface of
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form was used for accurate studies. The models were cut from the
crystallographic structure of MCM-22. The dangling Si atoms
were terminated by H atoms along the bond direction of next
lattice oxygen atoms with a distance of 1.46Å. Terminating of
Si with OH was found not possible because some framework
oxygen atoms are shared with two Si atoms. During geometric
optimizations the Cartesian positions of terminal silyl groups
were held fixed in their crystallographic positions to retain the
zeolite structure, while other lattice atoms relaxed. To avoid a
distortion of lattice structure, the bridge oxygen atom in TOT
angle of 180◦ in the cluster models was held fixed during the
optimizations.

All calculations in this work were carried out with Gaussian
98 program package[39]. We used hydride B3LYP exchange
correlation functional for all calculations. It was shown that
the hydride DFT methods such as B3LYP give more accurate
results for zeolite calculations, especially for the system includ-
ing hydrogen bonds and weak interactions[40,41]. They have
also been shown to predict O–H vibrational frequencies of com-
parable accuracy to experimental data[42–45]. The basis set
used for all elements was 6-31G**.

3. Results and discussion

3.1. Substitution energy of framework Al atom

s is
s and

Fig. 1. Structural model of MCM-22 showing the eight different T sites.
CM-22 zeolite with triphenylphosphine as basic probe u
oth 31P MAS NMR measurement and MM/QM calculatio

37]. Their works have confirmed the existence of protonic
n the external surface of MCM-22 correlating to T1(O3
-acid sites.
In this work, density functional theory (DFT) is used to st

he framework Al substitutions, the location and the stre
f B-acids in MCM-22 zeolite. B3LYP/6-31G** method w
sed and the calculations were performed on 5T and 8T mo
rom the calculations it is proposed that the favorite site
l substitution are assigned to T1, T3, and T4 sites, whe

he least favorite site is found at T2. The preferred B-acid
ay exist on Al1(O3H)Si4, Al4(O3H)Si1, and Al3(O11H)S
ridged groups. The strength of protonic acid is evaluated b
n the calculations of proton affinity, atomic charge on pro
ydroxyl stretching vibrational frequency, and the interac
nergy with different basic molecules. In addition, the in
nces of the lattice configuration surrounding the acid cent
rönsted acidity are discussed.

. Models and methodology

The refined hexagonalP6/mmm structure of pure silic
CM-22 from Leonowicz et al.[1] was used for calculation
here are eight inequivalent T sites in a unit cell of MCM
eolite, the labeling of which (seeFig. 1) is refined from theAtlas
f Zeolite Framework Types [38]. Aluminium atom was intro
uced in each of eight inequivalent T positions, and produ

our bridging hydroxyl Si(OH)Al for each Al site. Small clus
odel of 5T in T(OSiH3)4 form was firstly used to do a coar

esearch. And then 8T cluster model in (H3SiO)3TOT(OSiH3)3
s.

s

d

n

The structure of MCM-22 showing eight different T site
hown inFig. 1. T1 and T4 locate on 12-MR of supercages
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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◦. The only one T site
embedded inside the framework pocket is attributed to T7, which
is inaccessible to the reactant molecules and excluded from
our calculations. Substitution of Al(III) 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
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.

The substitution energy,Ei(Al,H)/Si, was determined by
comparing the energy of relaxed Si cluster model with that of

Ei(Al , H)/Si = E[Ti(Al , H)] − E[(Ti(Si)]

corresponding relaxed (Al,H) cluster model. The lower the
Ei(Al,H)/Si, the more stable the B-acid site, and therefore
the more favorable for locations of framework Al atoms and
Si(OH)Al bridged groups.

Firstly, a rough approach searching the possible B-acid sites
was carried out based on 5T model in order to economize the
enormous computations. Upon this basis further detailed stud-
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Fig. 2. The calculated (Al,H)/Si substitution energies (a.u.) for different TOT
centers based on 8T cluster model in MCM-22 zeolites.

above considerations, we propose Al1(O3H)Si4, Si1(O3H)Al4,
and Si2(O11H)Al3 for the preferable B-acid sites, in which the
first two sites locate at the intersection between the supercages
and the 10-MR connecting channels or the external surface of
MCM-22, and Si2(O11H)Al3 site exists at the intersection of
the sinusoidal channels.

In order to obtain more accurate results and to explore the
lattice configuration factors influencing the B-acidity, we have
done further calculations with 8T cluster model centered with
TOT bridged group related to T1, T2, T3, T4, T5, and T8 sites.
All selected models are sorted to five groups. Each one contains
the same framework structure, but Al atom replaced the left or
the right T site of the TOT bridge, producing the substituted
forms of Al(OH)Si or Si(OH)Al. The calculated substitution
energies for some of TOT sites are shown inFig. 2. The left and
the right columns of each pair represent respectively the sub-
stituted form of Al(OH)Si and Si(OH)Al. FromFig. 2 one can
see that Al1(O3H)Si4 and Si1(O3H)Al4 sites show lower sub-
stitution energies, while the sites related to Al2 give higher sub-
stitution energies. T3 located on the hexagonal prism between
two supercages delivers two kind of bridged hydroxyl groups,
Si2(O11H)Al3 and Al3(O12H)Si3. Our calculated results indi-
cated that OH group on Al3(O12H)Si3 bridge was pointing to
the cavity of supercages, while OH group on Si2(O11H)Al3
bridge was pointing to the sinusoidal channels. The substitu-
tion energy of Si2(O11H)Al3 was 44 kJ/mol lower than that of
S site
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es with 8T model were performed. The preliminary res
howed that the highestEi(Al,H)/Si was found on Al5(O8H)Si5
ll bridged groups involving Al2 site gave higherEi(Al,H)/Si,

ndicating that T2 site is unfavorable for the localization
l. According to the calculatedEi(Al,H)/Si, we can propos

hat the preferred location of framework Al atoms are at
3, T4, and T5 sites. The resulted corresponding Si(OH
pecies can be sorted into three groups according to their s
ties. The first group with best stability includes Al1(O3H)S
i1(O3H)Al4, and Si2(O11H)Al3 sites, their relative sub

ution energies referenced to Al5(O8H)Si5 site,�Ei, were
66 kJ/mol,−58 kJ/mol, and−47 kJ/mol, respectively. The se
nd group with middle stability is consisted of Al1(O2H)S
i4(O6H)Al5 and Si2(O9H)Al5 sites, their�Ei were approx

mately −37 kJ/mol. The other species with�Ei less than
25 kJ/mol are sorted to the third group. InTable 1listed the

alculated energies based on 5T cluster models related
ifferent TOT sites. The orientation of the bridged O–H bo
nd their location environment inside the zeolite pores w
lso marked. Those bridged hydroxyl species, which loca
upercages, 10-MR sinusoidal channels and connecting
els with O H bond pointing to the channels or pores, are ea
ccessible by reactant molecules, and therefore are attribu

he preferable B-acid sites. For Si4(O6H)Al5 and Si2(O9H)
lthough they have lower substitution energies, their OH bond
rientations do not direct to the channels, so they are less r

ic B-acid sites. In practice, the commonly synthesized MCM
eolites have Si/Al ratio of 15–30, corresponding to 4–2 fra
ork Al atoms per unit cell, one can expect a localization se

ivity for Al substitutions, because we believe the framew
luminum are not randomly distributed the lattice. In term
n-

to

-

i3(O12H)Al3, implying that the former is the preferred
or acidic proton. The case related to Al5 was excluded du
ur previous argument. For Al substitution at T8, the calcul
ubstitution energy showed a good stability, but Al8O5 Si7
ond angle changed from 180◦ to 173.0◦ with fixed O5 atom
nd to 163.5◦ with relaxed O5 atom, respectively. That impl

hat the replacement of Si by Al at T8 may induce the distor
f the lattice framework. On this view, T8 site is unfavora

or Al location. According to above results, three protonic a
ites are confirmed for the preferable B-acid sites: Al1(O3H
i1(O3H)Al4, and Si2(O11H)Al3.
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Table 1
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(Al,H)/Si (a.u.) �Erel (kJ/mol) Location of TOT centera Direction of O H bonda

Al1–O2H–Si6 −1709.43287 46.48180 −37.0 ¦ ⊥
Al1–O3H–Si4 −1709.44415 46.47052 −66.6 ⊥
Al1–O4H–Si7 – – – � �
Al2–O9H–Si5 −1709.40502 46.48933 −19.2 ‖
Al2–O10H–Si8 −1709.40676 46.48759 −21.8 ♦ ⊥
Al2–O11H–Si3 −1709.40700 46.48735 −22.4 ♦ ⊥
Al3–O11H–Si2 −1709.42907 46.47766 −47.8 ♦ ⊥
Al3–O12H–Si3 −1709.41506 46.49059 −13.9 ‖
Al3–O13H–Si3 −1709.41361 46.49204 −10.1 ♦ ⊥
Al4–O3H–Si1 −1709.44078 46.47375 −58.1 ⊥
Al4–O6H–Si5 – – – ‖
Al4–O7H–Si4 −1709.42811 46.48647 −24.7 ¦ ⊥
Al5–O6H–Si4 −1709.42529 46.48157 −37.6 ‖
Al5–O8H–Si5 −1709.41098 46.49588 0 ♦ ⊥
Al5–O9H–Si2 −1709.42518 46.48168 −37.3 ‖

a (¦) 10-MR connecting channel, () supercage, (�) framework, (♦) sinusoidal channel, (⊥) pointing to the channel or the pore, and (‖) lie on the framework wall.

3.2. Proton affinity and atomic charge on proton

The acidity of B-acid can be predicted from the calculated
proton affinity (PA) of zeolite models. Models that exhibit a high
PA are poor proton donors and, therefore, have low Brönsted
acidity. The PA of protonic acid in zeolite can be reasonably
approximated by the deprotonation energy (�Edp) correspond-
ing to the reaction:

Zeo–OH → Zeo–O− + H+

�Edp= E(Zeo–O−) − E(Zeo–OH)

The calculated�Edp 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 that
Al1(O3H)Si4 and Si1(O3H)Al4 sites have equivalent PA values,
whereas Si2(O11H)Al3 is 10 kJ/mol higher. Our results reveal
that the acidity at Si2(O11H)Al3 site is slightly weaker than

F nters
b

Al1(O3H)Si4 and Si1(O3H)Al4 sites. As one would expect from
simple chemical arguments, the sites with the lowest (Al,H)/Si
substitution energy associate closely with the sites of highest
PA. However, our calculation results did not follow this rule
very well. A reversed case was found for Si2(O11H)Al3 site.
This fact may be explained by the influence of the various lat-
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 an OH bond dissociates
heterolytically. The larger theqH and the O H distance, the
stronger the B-acidity. InTable 2listed the calculated proton
charges and OH bond distances for different optimized models.
Both of Mulliken and NBO charges were obtained for compari-
son. It is commonly accepted that NBO charge is more reliable
than Mulliken charge. This has been confirmed in our calcula-
tions in which the longer OH bond distance is correlated to the
larger NBO charge on proton. From the data inTable 2we can
see that for Al1(O3H)Si4 and Si1(O3H)Al4, theirqH and O H
bond distance are approximately same, indicating a similar acid
strength. In the case of Si2(O11H)Al3, both OH bond distance
and NBO chargeqH are slightly larger than other OH 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
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ig. 3. The calculated deprotonation energies (kJ/mol) for different TOT ce
ased on 8T cluster model in MCM-22 zeolites.
.3. Calculated O H stretching frequencies

A lower O H stretching frequency implies a weaker OH
ond strength and the OH group behaves as a stronger acid

his work, frequency calculations were based on the constr
luster model. The calculated OH stretching frequenciesν(OH)
rom part of bridged hydroxyls involving different surround
onfigurations are listed inTable 3. The scaling factor in ou
resent work was taken as 0.948[29]. The corrected freque
ies for Al1(O3H)Si4 and Si1(O3H)Al4 were 3628 cm−1 and
617 cm−1, respectively, excellently consistent with the exp

mental values[25]. The correctedν(OH) for Si2(O11H)Al3
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Table 2
The calculated proton charges and the OH bond distance (8T models)

Models NBO charge Mulliken charge OH distance (̊A)

qH qO |qHqO| qH qO |qHqO|
Al1–O3H–Si4 0.571 −1.147 0.655 0.392 −0.611 0.240 0.9687
Si1–O3H–Al4 0.577 −1.149 0.663 0.394 −0.612 0.241 0.9695
Si2–O11H–Al3 0.583 −1.155 0.673 0.383 −0.583 0.223 0.9708

was 3592 cm−1, about 7 cm−1 larger than the experimental data
(3585 cm−1), and the mean error is less than 0.1%. Our results
are in good agreement with the experimental data[16,20,25].
Onida et al.[25], using IR spectroscopy technology by N2 and
CO adsorption, have characterized three kinds of B-acid sites in
supercages (3628 cm−1), in sinusoidal system (3618 cm−1), and
on the hexagonal prisms between two supercages (3585 cm−1).
More experiments have also found the acidic Si(OH)Al at
3620 cm−1 and 3585 cm−1 [16,20]. Comparing with our cal-
culated O H stretching frequencies, we can propose that both
Al1(O3H)Si4 and Si1(O3H)Al4 sites located on 12-MR would
be responsible for the stronger peak at 3620 cm−1 in IR spec-
trum, and the B-acid site in sinusoidal system is assigned to
Si2(O11H)Al3, which locates at the intersection of sinusoidal
channels and is responsible for the weak band at 3575 cm−1

in IR spectrum.Fig. 4 shows the proposed locations of the
preferable B-acid sites in MCM-22 zeolite. Here we have to
notice that Si2(O11H)Al3 bridged group is linked to the hexag-
onal prism, other than locates on it with OH bond pointing
to the supercages, as proposed by other researchers[20,25].
In addition, we must take caution in assigning Si2(O11H)Al3
site as a stronger acid site merely based on its comparatively
smallerν(OH) value. The larger Si2O11 Al3 bond angle and
the structural tension in surrounding lattice may account for the
smallerν(OH)value. In spite of the conflict betweenν(OH) and
a and
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The results from our calculations showed a poor correla-
tion between proton affinities, atomic charges on proton and
O H stretching frequencies to account for B-acidity, especially
for the bridging hydroxyl groups with different lattice environ-
ments. Perhaps some of the differences can be attributed to the
finite cluster models, or not fully optimizing the zeolite frame-
work structures. However, there is a better correlation for each
couple of TOT sites with the same surrounding configuration.
This reveals that zeolite framework structure plays an impor-
tant role in the properties of proton affinity and OH stretching
frequency. Numbers of pervious works have been done for inves-
tigating the dependency of intrinsic acidity of zeolites on the
short- and the long-range factors, and found that the calculated
values depend on the model size in model cluster methods. Now
it has been noticed by many researchers that the cluster model
method cannot include the zeolite geometric features and the
long-range factor of the framework (electrostatic effects), also
the clusters were treated as isolated molecules with terminat-
ing hydrogen and restricted external shell frameworks. Some of
possible approaches are use of hydrid methods such as embed-
ded cluster[46–48]or QM/MM methods[49–51]. Recently, Lo
and Trout[52] used periodic models of chabazite to investigate
the acid strength and its relationship with the zeolite geometric
properties. They found that the calculated deprotonation energy
is not correlated to the OH bond length or vibrational stretching
frequency. Sillar and Burk[53] used ONIOM method including
cidity, a good correlation between Si(OH)Al bond angles

(OH) were found for all models in our calculations. The lar
he Si(OH)Al bond angle, the lower the calculatedν(OH)s. In
able 3one can see that for T1(O3H)T4, T2(O11H)T3,
2(O9H)T5, no matter which T site is replaced by Al, theν(OH)
alues decrease with increased T–O–T angles, dependin
her on the local chemical structures, i.e. Si(OH)Al or Al(OH
orm, nor on the surrounding configurations around TOT ce
t further reveals the short-range factors playing a crucial
n the O H stretching vibrational frequency of B-acid.

able 3
he calculated OH bond stretching frequencies (cm−1) and Al–O–Si bond
ngle (◦) based on 8T cluster models in MCM-22

OT center 6-31G**/
(×0.948)

Al–O–Si
angle (◦)

Experimental values
(Ref. [25])

l1–O3H–Si4 3827/(3628) 131.7
i1–O3H–Al4 3816/(3618) 134.6 3628 for supercage
i2–O11H–Al3 3789/(3592) 138.7 3610 for sinusoidal cha
l2–O11H–Si3 3785/(3588) 139.0
l2–O9H–Si5 3714/(3521) 143.9 3585 for hexagonal pris
i2–O9H–Al5 3648/(3458) 145.8
i-

.

Fig. 4. Scheme for the location of B-acid sites in MCM-22 zeolite.
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Table 4
The calculated interaction energies between the adsorbing bases and the acidic
center based on 8T cluster models (kJ/mol)

NH3 C5H5N C2H4 N2

Al1–O3H–Si4 122.82 111.77 102.66 15.52
Si1–O3H–Al4 126.23 110.69 101.80 15.18
Si2–O11H–Al3 104.60 79.26 87.98 10.50
Al2–O11H–Si3 111.56 81.52 89.79 11.20

159–176 atoms to study the properties of the acid sites in dif-
ferent crystallographic positions of zeolite ZSM-5. Their results
showed poor correlation between the deprotonation energy and
O H stretching vibrational frequency. However, the differences
in properties of the acid sites in different crystallographic posi-
tions are better resolved in interaction with carbon monoxide
permitting better comparison between the computational and
experimental results. So, it is necessary to measure the B-acid
strength using the adsorption energy of basic probe molecule.

3.4. Interaction with different adsorbing probe molecules

In this work, ammonia, pyridine, nitrogen, and ethene
molecules are selected as probes to measure the acid strength
of different protonic acid centers by calculating their inter-
action energies and the perturbation on the OH bond.
The interaction energy is defined as the energy difference
before and after absorption of the probe molecule (B):
Eint = E(Z–OH) +E(B) − E(Z–OH· · ·B). All calculated results
are listed inTable 4. No zero-point energy corrections and
basis set superposition errors (BSSE) were considered. It ca
be seen that for all types of adsorbents, the interaction ene
gies on Al1(O3H)Si4 and Si1(O3H)Al4 are equivalent, whereas
on Si2(O11H)Al3 is slightly lower than others. These results
reveal that the strength of protonic acid in supercages is rel
a h is
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n gen
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tion heats of 115 kJ/mol for H-MCM-22 and 118 kJ/mol for
H-ZSM-5. Our calculations have gotten the interaction energies
of 122 kJ/mol on both T1 and T4 sites and 104 kJ/mol on T3 site
for MCM-22, showing good agreement with the experimental
data.

Pyridine adsorption formed PyH+–Z− complex (seeFig. 5).
During the course of the optimization, the proton on zeolite
was transferred to pyridine, resulting in a zwitterionic complex
between protonated pyridine and the zeolite anion. The hydro-
gen on the carbon neighbored to nitrogen in pyridine was close
to the bridged oxygen adjacent to the B-acid center. Meloni et
al. [20] have predicted this configuration in their experiment,
and have determined the differential heats of 140–150 kJ/mol
by microcalorimetry. Our calculations obtained the interaction
energies of 111 kJ/mol on T1 and T4, and 79 kJ/mol on T3.
Due to the larger volume of pyridine molecule and its adsorb-
ing configuration, the spatial resistance limited its interaction on
the structural restricted Si2(O11H)Al3 site(Fig. 5d). This result
explains the experimental find[20] that the band at 3575 cm−1

reduced only slightly after adsorbing pyridine, suggesting the
related protonic acid site interacted weakly with pyridine.

3.4.2. Interaction with nitrogen
Nitrogen adsorption was studied because of its weak base

nature and small size. The obtained stable adsorption com-
plexes are the H-bonded species with slightly elongated OH
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alue at T3 site from our calculation is−97 cm−1, however, no
bvious shift was found in the experiment[25].

.4.3. Interaction with ethene
During methane dehydro-aromatization on Mo/H-MCM

atalyst, ethene molecules may as intermediates go th
ligomerization reaction to produce benzene[6]. The catalytic
erformance depends on the acid strength of protonic acid

n this work, we have calculated the interaction energie
thene on different B-acid sites and listed inTable 4. For all
cid sites, the stable adsorbed configurations were the H-b
omplexes, in which the symmetry plane of theπ orbital of
thene molecule was quasi-perpendicular to the axis of br
ydroxyl. Our obtained geometry is similar to the form fr

he experimental[56,57]and calculated results[40] for ZSM-5
eolite. In Table 4 it can be seen that the interaction en
ies of C2H4 molecules at T1 and T4 sites are equivale
02 kJ/mol, while at T3 site is 88 kJ/mol. Furthermore, the OH
ond at T1 and T4 sites elongated 0.02Å, and the value o
νOH was found as−428 cm−1 and −433 cm−1, similar to
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Table 5
The values of the distances and stretching frequencies of OH bond before and after adsorbed with N2 and C2H4 probe

d(O H) (Å) d′(O H) (Å) �d(O H) (Å) ν(O H) (cm−1) ν′(O H) (cm−1) �ν(O H) (cm−1)

Al1–O3H–Si4 + N2 0.969 0.975 0.006 3827 3701 −126
Si1–O3H–Al4 + N2 0.969 0.976 0.007 3816 3677 −139
Si2–O11H–Al3 + N2 0.971 0.976 0.005 3789 3692 −97
Al1–O3H–Si4 + C2H4 0.969 0.989 0.020 3827 3401 −428
Si1–O3H–Al4 + C2H4 0.969 0.990 0.021 3816 3383 −433
Si2–O11H–Al3 + C2H4 0.971 0.983 0.012 3789 3542 −247

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, (b) ammoniaon
Si2(O11H)Al3, (c) pyridine on Al1(O3H)Si4, and (d) pyridine on Si2(O11H)Al3.

the value observed experimentally by Onida et al. (−390 cm−1)
[25]. O’Malley and Franworth have reported the calculated har-
monic vibrational shift for the OH bond of −307 cm−1 for
ZSM-5 [58], the result compared with the experimental value
of −389 cm−1[56]. In the case of T3 site, a remarkably low
�νOH value (−247 cm−1) was obtained, indicating a weaker
interaction with ethene. These results indicate that the B-acid
centers in the supercages of MCM-22 are more favorable for
the catalytically oligomerization of ethene. Based on our results
it is concluded that the stronger Brönsted acid site correlate to
both Al1(O3H)Si4 and Al4(O3H)Si1, while relative weaker site
locate at Al3(O11H)Si2.

4. Conclusions

DFT method was used to study the location of frame-
work aluminum atom in MCM-22 zeolite, and the preferable

Brönsted acid sites as well as the acidity were predicted. The
substitution energies of Al at eight inequivalent T sites were
calculated using the cluster models in form T(OSiH3)4 and
(H3SiO)3TOT(OSiH3)3, defined as 5T and 8T models, respec-
tively. B3LYP hydride functional and 6-31G** basis set were
used.

8T model is confirmed to be adequate for evaluation of pro-
tonic acidity of zeolites, which can reflect the medium- and
short-range effectors of the lattice on the intrinsic acidity of
B-acid. The calculations reveal that protonic acidity depends
extremely on the configuration of lattice environment around the
TOT group. Better correlations are found for each couple of TOT
sites with the same kind of environment. In this case, the substi-
tution of different T sites to Al atom leads to different stability
and acidity. The difference in (Al,H)/Si substitution energies
is larger than that of proton affinities. The measurements from
PA, ν(OH), qH+ , Eint are in good consistent with each other for
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evaluation of the intrinsic acidity. Whereas, for the TOT group
with different lattice environments, no linear relationships have
been found for PA andν(OH). Nevertheless, PA’s are well con-
sistent with the interaction energies of B-acid sites and adsorbed
basic molecules. The interaction energy depends not only on the
acid–base action, but also on the multiple interactions between
zeolite frameworks and basic molecule. The latter involve spatial
effect, i.e. the steric hindrance at the acidic centers. Therefore,
the calculated interaction energies with appropriate models can
reflect the short- and medium-range factors, are more reason-
able for measuring the acidity of B-acid with different kind of
environments and in different zeolites.

From calculated (Al,H)/Si substitution energies it was pre-
dicted that the most favorable sites for Al substitution in MCM-
22 are T1, T3, and T4 sites, whereas the least favorable site
is T2. It further reveals that the most preferable Brönsted acid
sites locate on Al1(O3H)Si4, Al4(O3H)Si1, and Al3(O11H)Si2.
The first two situate on the pocket edge of 12-MR supercages
with bridged O H group pointing to 10-MR connecting channel,
which also attributed to the external surface acid sites. The third
one exists at the intersection of sinusoidal channels with bridged
O H group pointing to the pores. Based on the interaction ener-
gies with different basic probe molecules, we can confirm that
the acidities of Al1(O3H)Si4 and Al4(O3H)Si1 sites are equiv-
alent and stronger than that of Al3(O11H)Si2 site. Through our
calculations, no stable bridge hydroxyl groups were found inside
s
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