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The heterogeneity of the hydroxyl groups in chabazite
Velitchka V. Mihaleva,a) Rutger A. van Santen, and A. P. J. Jansen
Schuit Institute of Catalysis, ST/SKA, Eindhoven University of Technology, P.O. Box 513,
NL-5600 MB Eindhoven, The Netherlands

~Received 9 October 2002; accepted 30 September 2003!

Two different clusters that have the topology of chabazite but different shapes have been used as a
model for the Brønsted sites in chabazite. One of the clusters consists of eight tetrahedral atoms~8T!
arranged in a ring and the other represents an intersection of two 8T rings. The adsorption of water
and methanol on the two stable proton positions in chabazite has been studied using the B3LYP
functional. The coordination of water and methanol with respect to the zeolite fragments were found
to be similar, but with methanol situated closer to the acid site than water. The anharmonic zeolite
OH stretch frequencies were found to be in the range of 2170– 2500 cm21 and 1457– 2074 cm21

in the presence of water and methanol, respectively. As a measure of the acidity of the bridging
hydroxyl groups in chabazite the shift of the zeolite OH stretch frequency upon adsorption has been
used. We have found that the proton attached to the oxygen atom O1 to be more acidic than the
proton attached to the oxygen atom O3. Also, in the closed ring clusters the zeolite hydroxyl groups
are more acidic than in the open clusters. This is not due to a steric effect as the orientation of the
adsorbates with respect to the zeolite site is very similar for both clusters. The anharmonicities of
the zeolite O–H bond account for about 40% in the redshift upon the adsorption of water or
methanol. ©2003 American Institute of Physics.@DOI: 10.1063/1.1628221#
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I. INTRODUCTION

The two mayor factors of the hydrogen form of zeolit
that determine their wide range of application as a cata
are the bridging hydroxyl groups, which determine the ca
lytic activity, and their porous structure, which determin
the shape selectivity. The selectivity is a property that can
measured by the distribution of the end products. The ac
ity can be determined by measuring the rate of the react
The mechanism is much more difficult to be studied, ho
ever, as it is difficult to observe reaction intermediates a
transition states. The hydroxyl groups in zeolites have
acidic character. One way to assess the acidity is to loo
the changes in the IR spectra after adsorption of basic m
ecules such as water and methanol. The interaction with
adsorbates weakens the zeolite OH bond and the corresp
ing frequency is redshifted. The larger the shift the mo
acidic is the zeolite hydroxyl group. The question then
what the influence is of a particular zeolite structure on
acidity of the bridging hydroxyl groups.

The adsorption of water and methanol has been stu
both on clusters1–18 representing a small part of the zeoli
and in periodic calculations19–26 including the zeolite crysta
structure. The role of the zeolite structure on the activation
methanol has been studied in periodic approach but the
clusions are somewhat contradictory. Comparing the ads
tion energy and the geometry of methanol on different z
lites Haase et al.26 have concluded that the zeolit
framework does not have a decisive influence on either
adsorption energy or the geometry. Stichet al.25 have con-
cluded that protonation of a single methanol molecule m

a!Author to whom correspondence should be addressed. Electronic
tgakvm@chem.tue.nl
13050021-9606/2003/119(24)/13053/8/$20.00
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occur depending on the zeolite framework. Instead of co
paring different zeolite frameworks one can also comp
different hydroxyl groups within the same zeolite structu
An example of a zeolite with different hydroxyl groups
chabazite. In the IR spectra two different proton position
observed27 with a difference in the OH stretch frequencies
24 cm21. As there is only one possible Si→Al substitution
the protons are bound to oxygen atoms from the same
tetrahedron. The T–O bond distances are within the nar
interval of 1.599–1.617 Å and theT–O–Tbond angle within
144.8– 150.0°. In spite of the similarity of the structural p
rameters the two hydroxyl groups have a different crysta
graphic environment.

In this paper we have addressed the problem of the ef
of the zeolite crystal structure in two ways. Chabazite
modeled with two clusters of different size and shape. T
adsorbates, water and methanol, have different basicity
size. We will show that upon the adsorption of water a
methanol the two zeolite hydroxyl bonds are strongly p
turbed but to a different extent. The acid proton H1, ob-
served at higher frequency in the spectra of chabazite,
found to be more acidic than the proton H3. The adsorption
of methanol in one of the clusters affects the zeolite O
stretch frequency so much that it shifts to the region
1600 cm21. Including anharmonicities when calculating th
frequency of the zeolite OH stretch vibration is essential.
have found that the contribution of the anharmonicity to t
shift of the fundamental frequency can be several hundr
of wave numbers.

II. COMPUTATIONAL DETAILS

The framework of zeolites is built from corner-sharin
Al and Si tetrahedra. The crystal structure of pure silica fo
il:
3 © 2003 American Institute of Physics
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13054 J. Chem. Phys., Vol. 119, No. 24, 22 December 2003 Mihaleva, van Santen, and Jansen
of chabazite28 is shown in Fig. 1. The unit cell contains 12
atoms with only one T atom in the asymmetric part. Every
atom is a member of two 8T, three 4T, and one 6T rings.
8T ring has four T atoms which form a plane, two paired
atoms above, and two paired T atoms below that plane. S
stituting a Si atom with an Al atom leads to a formally neg
tively charged system which can be neutralized by attach
a H atom to the oxygen atoms from the Al tetrahedron. T
Al atom was placed in the T1 position. We have considere
protonation of the oxygen atoms O1 and O3 which are part of
different 8T rings. If the hydrogen atom is bonded to oxyg
atom O1 then within the 8T ring containing that oxygen ato
the Al atom is situated in-plane. For the hydrogen atom
tached to O3 the Al atom is out-of-plane.

We model the zeolite with a cluster representing an
tersection of two 8T rings in the structure of chabazite,
noted further in this paper as an open 7T cluster~see Fig. 2!.
The cluster has been terminated by hydrogen atoms, p
tioned at 1.47 Å along the Si–O bond. The ground st

FIG. 1. The intersection of two cages in the crystal structure of chaba
T1 and T2 are part of two 8T rings, which belong to different cages.

FIG. 2. The calculated adsorption modes of water with the zeolite pro
H1 and H3 in the closed 8T rings and the open 7T clusters. The projec
and the numbering of the oxygen atoms corresponds to Fig. 1. Ox and Ox8 ,
wherex5$1,3%, are symmetrically equivalent.
Downloaded 21 Apr 2005 to 131.155.151.26. Redistribution subject to AI
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electronic structure calculations are based on density fu
tional theory using the B3LYP29 functional implemented in
GAUSSIAN 98.30 A mixed basis set has been used; 6-3
1G* on all oxygen atoms and 6-31G** on Al, Si, C, the
acid proton and the protons of methanol and water. To red
the computational costs a STO-3G basis set has been use
the dangling hydrogens. The geometry constrains of the
zeolite structure has been mimicked by including the ter
nating hydrogen atoms with fixed Cartesian coordinates
the initial positions. The rest of the cluster has been fu
optimized. We have also studied the adsorption of water
8T rings ~see Fig. 2!, represented in the same way as d
scribed in Ref. 18. To assess the basis set superposition
~BSSE! we have carried out counterpoise calculations.31,32

We have used a PW91 and DZVP2 basis set on all atom
the 8T ring18 and we have not found significant differences
the geometry and the harmonic frequencies when
STO-3G and DZVP2 basis sets were used on the danglin
atoms. Cluster calculations as described above have b
shown to give good results for the interaction of molecu
with zeolites.1–18

In the calculations of the shifts of the frequency of t
zeolite OH stretch vibration the anharmonicity has been
cluded. This has been done by representing the potentia
ergy in the 1-dimensional vibrational Hamiltonian by a pol
nomial:

H5T1V~r !5
1

2m
p21c01c1Dr 1c2Dr 2

1c3Dr 31c4Dr 4, ~1!

wherem is the reduced mass andDr is the change of the
zeolite OH bond distance. The oxygen and hydrogen ato
have been moved along the OH bond while keeping the c
ter of mass fixed. For the zeolite cluster without adsorba
the coefficientsci have been obtained by fitting five point
The bond distances were 0.8, 0.9, 1.0, 1.2, and 1.4 times
equilibrium distancer 0 . For the zeolite with adsorbed wate
or methanol an extra point at 1.55r 0 was added because o
the flatness of the potential energy surface. The fit error
the potential energy surface of the complexes was in
range 1.99– 2.5331024 Eh . The harmonic frequencies hav
been calculated with the quadratic part of the polynom
expression of the potential energy. As the equilibrium str
ture is a minimum of the potential energy surface, the co
ficient c1 is zero and the harmonic frequency is given
vh5A2c2m21. To find the eigenvalues of the vibrationa
Hamiltonian including anharmonicities we have expand
the vibrational wave function as a linear combination of H
mite functions33 up to 12th order. The width of the Hermit
functions is determined from the reduced mass and the fo
constant, (\2/2c2m)1/4. The coefficients were determined u
ing the linear variation principle. The elements of the Ham
tonian matrix could be calculated exactly for the Ham
tonian ~1!. We have also compared one-dimensional~1-D!
harmonic calculations with normal mode calculations w
all degrees of freedom of the clusters to show that there is
harmonic coupling between the OH stretch and other mod
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TABLE I. Proton affinity, selected geometry parameters, and O–H vibrational excitation of the zeolite clu
The vibrational frequenciesvh andv0 – 1 are the harmonic and the anharmonic fundamental, respectively,
v0 – 2 is the anharmonic overtone. Energies in kJ/mol, bond lengths in Å and frequencies in cm21. A zero point
energy correction is included.

PA Oz– H Al–Oz Si–Oz vh v0 – 1 v0 – 2

O1 H 8T ring
7T cluster

1282 0.970 1.959 1.731 3868 3601 6980
1248 0.968 1.932 1.719 3895 3629 7036

O3 H 8T ring
7T cluster

1284 0.972 1.938 1.708 3843 3574 6925
1256 0.969 1.883 1.717 3877 3609 6997
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Anharmonic coupling terms are neglected here because
affect the frequency of the OH stretch much less than
terms in 1.34–36

III. RESULTS AND DISCUSSION

A. Zeolite cluster without adsorbate

In previous calculations18 we have studied all the pos
sible acid proton positions. The experimentally found27 and
theoretically predicted18,20,37–40 preferred positions for the
acid protons in chabazite are oxygen atoms O1 and O3. In
the present study we will concentrate on them.

The difference in the relative stability of the two ac
proton positions in the open 7T clusters is 8.1 kJ/mol in fa
of the proton H3. This energy difference is by 5.4 kJ/mo
larger than what we have found for the cluster of an
ring.18 The relative stability of the acidic protons is in agre
ment with other cluster calculations using 13T atoms41 and
an embedded 5T cluster.42 In periodic calculations20,37,39,41

the H1 proton position becomes more stable. As can be s
from Table I the proton affinities of the oxygen atoms sh
a strong dependence on the choice of the cluster. Comp
to the 8T rings the proton affinity of the open 7T clusters
lower by 28–34 kJ/mol. When the H atoms attached to
Al atom in the 8T ring were replaced by OSiH3 groups, the
proton affinities were increased by 10 and 4 kJ/mol for o
gen atoms O1 and O3, respectively. Brandet al.43 have
found a strong dependence of the deprotonation energie
only on the size but also on the shape of the clusters.
results agree with this observation. Although the abso
values of the proton affinity changes for the different clu
ters, the oxygen atom O3 has a higher proton affinity than th
oxygen atom O1 for all cluster approximations. Experiment
data for the deprotonation energies of chabazite are not a
able. Based on periodic calculation Haaseet al.26 have found
a value of 1196 kJ/mol for the H1 proton position. Embed-
ding 2T clusters Bra¨ndle et al.44 have reported 1277 kJ/mo
and 1258 kJ/mol for H1 and H3 proton positions, respec
tively. Compared to our results, the difference in the pro
affinity of the two oxygen atoms is larger, 17 kJ/mol, and
their calculations the oxygen atom O1 has a higher proton
affinity than the oxygen atom O3. Using a different embed
ding method Naslusovet al.42 have found the proton affinity
of the O3 oxygen atom to be higher by 6 kJ/mol than that
the O1 oxygen atom. They have reported deprotonation
ergies of 1250 and 1256 kJ/mol for the proton positions1
r 2005 to 131.155.151.26. Redistribution subject to AI
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and H3, respectively. These values are only by 2 kJ/m
lower than the corresponding values we have calculated
the open 7T cluster.

The way the Al atom is terminated influences the Al–
bond distance for a greater extent than the OH bond dista
~see Table I!. When instead of H atoms OSiH3 groups are
used to terminate the Al atom, the Al–O~H! bond distance is
by 0.027 Å and 0.055 Å shorter for O1 and O3, respectively.
The OH bond distance is shortened by 0.003 Å for the3
atom. The Al–O~H! distance for the H3 proton position in the
open 7T cluster agrees very well with the period
calculations26,39 and embedded 2T clusters.44 The corre-
sponding distance for the H1 proton position in our calcula-
tion is longer by 0.025 Å. Greatbankset al.7 have also found
a slight increase of the Al–O~H! and OH distances when
embedding a 3T cluster.

The calculated harmonic and anharmonic frequencies
also presented in Table I. The anharmonicities have the
lowing effect on the vibrational energy levels. They shift t
energy levels to lower energy and decrease the distance
tween the levels. As can be seen from Table I the anharm
frequencies for the fundamental transitionv021 are by
266– 269 cm21 lower compared to the harmonic ones. F
the 8T rings the frequency of the stretch vibrations of t
zeolite hydroxyl groups are 3601 cm21 and 3574 cm21, for
the proton positions H1 and H3, respectively. These value
are in excellent agreement with the experimental values27 of
3603 cm21 and 3579 cm21. For the open 7T cluster the fre
quency is shifted 35 cm21 upwards for the H3 proton posi-
tion. The near IR spectrum provides information about
overtones of the OH stretch vibration. In a harmonic a
proximation the frequency of the overtone is a multiple
the fundamental frequency. The experimental values45,46 of
the first overtone of HZSM-5 are at 7077 cm21 and
7065 cm21. These values are smaller than twice the fund
mental frequency, which shows that indeed the separa
between the first and the second excited states is smaller
the separation between the ground and the first excited st
We have calculated somewhat lower frequencies for
overtones, which indicates that the anharmonicity of the O
bond is larger in our theoretical model.

Nevertheless the difference in the relative proton sta
ity between our models for the acidic site and the perio
calculations, we have found in an agreement with the exp
ment and the periodic calculations the OH stretch freque
of the H1 proton to be higher than that of the H3 proton. Shah
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Adsorption energy and selected geometry parameters of water adsorbed on the clusters. Ene
kJ/mol, bond lengths in Å. A zero point energy correction is included. Hw

f denotes the hydrogen atom from th
water molecule which is not involved in hydrogen bonding the the zeolite cluster.

Eads O1– H O2– H O3– H Ow– Hz Ow– Hw Ow– Hw
f

O1 H 8T ring
7T cluster

266.5 1.026 2.034 2.561 1.533 0.976 0.964
268.2 1.016 1.882 2.495 1.568 0.982 0.962

O3 H 8T ring
7T cluster

278.8 2.104 2.551 1.020 1.566 0.973 0.964
267.3 2.031 2.345 1.013 1.586 0.977 0.962
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et al.20,37 have calculated anharmonic frequencies of 35
and 3565 cm21 for the H1 and H3 proton position, respec
tively. Jeanvoineet al.39 have reported somewhat lower a
harmonic frequencies. The differences between our clu
calculations and the periodic calculations is not only the w
the acidic site is modeled but also in the periodic calculati
the PW91 density functional and plane waves as a basis
were used. We have shown18 that the PW91 functional give
longer OH bond distances and lower harmonic frequen
compared to the B3LYP functional. We expect that the low
anharmonic frequencies obtained in the periodic calculati
are mainly due to the density functional. Ugliengoet al.47

have calculated the anharmonic frequency of 3624 cm21 for
the H1 proton position which is in a very good agreeme
with that of the open 7T cluster in the present study. Th
have used B3LYP and a localized basis set in a perio
approach.

B. Zeolite rings with adsorbates

1. Water

Energies. The adsorption energies and the geometries
a water molecule interacting with the zeolite clusters
shown in Table II. For both cluster types the water comp
with the acid proton H3 is more stable. The difference in th
adsorption energies of the water molecule within the 8T r
is 10 kJ/mol in favor of the adsorption complex with the ac
proton H3. For the open 7T clusters the difference almo
disappears. All values for adsorption energies listed in Ta
II are within the range of previous theoretic
studies,8,10,14,17,19from 245.6 to292.5 kJ/mol.

Geometries. Selected geometrical parameters charac
istic for the complexes between water and the zeolite ac
site are listed in Table II. The water coordination is depic
in Fig. 2. In both adsorption complexes a strong hydrog
bond is formed between the zeolite proton (Hz) and the oxy-
gen atom (Om) of water ~see Table II and Fig. 2!. We will
refer to it as a primary hydrogen bond. One of the hydrog
atoms of the water molecule forms a bifurcated hydrog
bond with the oxygen atoms of the zeolite cluster. This h
drogen bond will be referred as a secondary hydrogen bo
The zeolite oxygen atom closest to the water proton in
complex of water with the acid proton H1 is O2 which be-
longs to the Al tetrahedron, whereas for the complex with
acid proton H3 this is the oxygen atom O18 from the neigh-
boring Si tetrahedron. The backbone of the ring is n
present in the open 7T clusters. When one goes from
open 7T cluster to the closed 8T ring the Ow¯Hz distance
decreases for both acid proton positions. This goes al
r 2005 to 131.155.151.26. Redistribution subject to AI
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with the lengthening of the Oz– Hz bond distance. The wate
proton in the open 7T cluster is closer to the zeolite oxyg
atoms than in the 8T ring. Similar strengthening of the p
mary hydrogen bond and weakening of the secondary hy
gen bond was found by Greatbankset al.7 when embedding a
3T cluster. They have found an Ow¯Hz distance shortened
by 0.07 Å and an Oz– Hz bond distance elongated by 0.05 Å
We do not observe such great changes in the coordinatio
the water molecule as the cluster we consider includes
neighboring Si tetrahedron, which makes it more flexible.
the open 7T cluster and in the closed 8T ring the fragmen
the zeolite the water molecule interacts with includes
same number of oxygen atoms and the reorientation of
water molecule is less pronounced. For comparison
Ow¯Hz distance is shortened by 0.04 Å and the Oz– Hz is
elongated by 0.01 Å for the complex with the acid prot
H1 . Tajima et al.9 have also observed a similar trend
strengthening of the primary hydrogen bond when extend
a 3T cluster to an 8T ring of H-form zeolite. It is difficult to
compare the absolute values as in their calculations the
lite fragment was treated as a rigid anion framework. W
regard to the distance between the water molecule and
zeolite proton and the zeolite hydroxyl bond distance, o
results differ from previous theoretical calculations.7,8,10,17,19

We have found water to be closer to the zeolite proton co
pared to the adsorption modes found by Ryderet al.17 and
Zygmuntet al.10 and further from the zeolite proton in com
parison with Krossneret al.8 and Nustereret al.19 The zeolite
hydroxyl bond distance was found to be shorter.

Frequencies. The interaction between the water mo
ecule and the acid site is via a hydrogen bond, which we
ens the zeolite hydroxyl bond. As can be seen later fr
Table IV, the zeolite OH stretch vibration frequencies a
shifted to lower values compared with the frequencies for
isolated zeolite clusters. Already in the harmonic approxim
tion the shift is 629– 880 cm21. The smaller shift is for the
adsorption complex with the acid proton H3 in the open 7T
cluster and the upper shift is for the one with the acid pro
H1 in the 8T ring. Along with the weakening of the zeolit
OH bond the potential energy surface flattens which is
pressed in increasing the difference between the harm
and anharmonic frequencies. We have calculated anharm
frequencies for the zeolite OH stretch vibration in the pr
ence of water in the range of 2170– 2500 cm21. The fre-
quencies for the acid proton H3 in the 8T ring are close to the
experimental value27 of 2403 cm21 in the spectra of hy-
drated H-SSZ-13. The frequency for the same proton in
open 7T cluster is close to the experimental value10,48,49of
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE III. Adsorption energy and selected geometry parameters of methanol adsorbed on the clusters
gies in kJ/mol, bond lengths in Å. A zero point energy correction is included.

Eads O1– H O2– H O3– H Om– Hz Om– Hm

O1 H 8T ring
7T cluster

268.4 1.062 2.090 2.394 1.422 0.975
274.5 1.029 2.022 2.376 1.509 0.976

O3 H 8T ring
7T cluster

275.3 2.107 2.383 1.046 1.472 0.974
274.0 2.084 2.330 1.029 1.520 0.975
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2480 cm21 of the B band in the spectrum of water adsorb
on HZSM-5. The anharmonicity of the zeolite OH bond
larger for the 8T rings compared to the open 7T clusters.
the isolated OH stretch vibrations we have calculated a
ference between the harmonic and anharmonic frequen
of 266– 269 cm21. In the presence of water we have foun
that the difference almost doubles.

The two proton position in the 8T ring and the open
cluster have different environments which affects the adso
tion geometry of the complex with water and the OH stre
vibration frequencies. When the backbone of the ring is
moved the frequencies are shifted upwards for both acid
sitions. The shift for the acid photon H1 is 240 cm21,
whereas for H3 it is 154 cm21. The difference in the depro
tonation energies of the two protons in the 8T ring is only
kJ/mol and it increases to 8 kJ/mol for the open 7T cluste
is a too small difference to say which of the two zeol
protons is more acidic. However, if we compare the frequ
cies of the two OH bonds in the 8T ring, we will find
difference of 180 cm21. For the open 7T cluster the corre
sponding difference is 94 cm21. Therefore we draw the con
clusion that the proton position H1 is more acidic as its fre-
quency in the presence of water is at a lower value.

C. Methanol

Energies. The adsorption of methanol within the 8
rings has been extensively discussed in Ref. 18. In this p
we want to point out the differences in the geometry and
IR frequencies when methanol is adsorbed on an open
cluster and on a closed 8T ring. The adsorption energies
the geometries of a methanol molecule interacting with
zeolite clusters are listed in Table III. For both clusters re
resenting the zeolite active site the most stable configura
is with the H3 proton position. The adsorption energy for th
proton position H1 is larger for an open 7T cluster than for a
8T ring by 7 kJ/mol. For the proton position H3 the it is other
way around but by only 1 kJ/mol. Similar to water, methan
adsorbed on the open 7T cluster shows almost the same
sorption energies.

We have calculated a proton affinity of methanol of 7
kJ/mol and water of 686 kJ/mol. As methanol is more ba
than water one expects that methanol will interact stron
with the acid site. Indeed when water and methanol w
co-adsorbed on HZSM-550 the TPD and the IR spectra hav
shown the pure adsorption of methanol only. The differen
in the adsorption energies, we have calculated, are in ag
ment with this observation though they differ only by 5 k
mol.

Geometries. The coordination of methanol and water
r 2005 to 131.155.151.26. Redistribution subject to AI
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the open 7T clusters and the 8T rings is similar~see Figs. 2
and 3!. The adsorbate OH bond distances are very alike w
the exception of the complex with the acid proton H1 in the
open 7T cluster. There the water proton is the closest to
zeolite cluster and the corresponding OH bond distance
water is the longest. The major difference between
methanol and water complexes is the strength of the prim
hydrogen bond. As the adsorption energies suggest meth
to be bounded stronger to the acid proton, in terms of geo
etry this is expressed in a shorter Om¯Hz distance. The in-
fluence of the backbone of the ring on the geometries of
methanol coordination in the rings follows the same trend
for water, but it is more pronounced. For both acid prot
positions the Om¯Hz distance in the 8T ring is shorter tha
the one in the open 7T cluster and the corresponding ze
hydroxyl bond distance is longer. The Om¯Hz distance is
shortened by 0.087 Å and 0.048 Å for the proton positio
H1 and H3, respectively. The zeolite OH bond distance
elongated by 0.033 Å for the proton H1 and by 0.023 Å for
the proton H3.

Frequencies. The calculated harmonic and anharmon
frequencies are listed in Table IV. As methanol forms

FIG. 3. The calculated adsorption modes of methanol with the zeolite
tons H1 and H3 in the closed 8T rings and the open 7T clusters. The p
jection and the numbering of the oxygen atoms corresponds to Fig. 1x

and Ox8 , wherex5$1,3%, are symmetrically equivalent.
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TABLE IV. The anharmonic (vanh) and the harmonic (vh) frequencies, and their difference for the zeolite O
stretch vibrations with adsorbed water and methanol on the different clusters. In parentheses the ha
frequencies from a normal mode analysis including the framework vibrations are given. The frequencies
cm21.

Water Methanol

vanh vh vanh2vh vanh vh vanh2vh

O1 H 8T ring
7T cluster

2170 2721~2697! 551 1457 2165~2119! 708
2410 2876~2853! 466 2060 2649~2625! 589

O3 H 8T ring
7T cluster

2350 2840~2819! 490 1686 2404~2384! 718
2504 2980~2920! 476 2074 2657~2637! 583
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hift
l is
to
stronger hydrogen bond with the zeolite, the frequencies
expected to be even more redshifted compared to wate
harmonic approximation the shift is in the interval
952– 1436 cm21. Similar to water the lower shift is for the
acid proton H3 in the open 7T ring and the upper shift for th
acid proton H1 in the closed 8T ring. When anharmonicitie
are included the frequencies are further decreased. For th
ring the anharmonic zeolite OH stretch vibration frequen
is 1457 cm21 for the proton H1 and 1686 cm21 for the pro-
ton H3. This shows that the stretch vibration can be lowe
so much that it falls in the region were the bending vibrat
of water is, which is generally the mode assignment for f
quencies in that region. In the power spectra of a sin
methanol molecule adsorbed on chabazite Stichet al.25 have
found for the OH vibrations only a peak at abo
1600 cm21. In their MD simulations they have observed
formation of methoxonium cation but in the power spec
the asymmetric and symmetric OH stretch frequencies w
missing. The band at about 1600 cm21 has been assigned t
the bending vibration of a protonated methanol molecule.
Stichet al.have done the calculations in a periodic approa
thus the crystal structure of chabazite is included, our res
for the frequencies in the 8T ring can be compared w
theirs. The hydrogen bond between the acid proton
methanol weakens the zeolite hydroxyl bond in such an
tent that the potential energy becomes very flat. The an
monicities are large and even for physisorbed methano
band at about 1600 cm21 can be observed, which is
strongly perturbed OH stretch vibration. The frequencies
the open 7T cluster are shifted upwards for the proton H3 by
603 cm21 and for H1 by 388 cm21. This shows that poten
tial energy surface depends very much on the shape of
cluster representing the zeolite active site.

The interaction of methanol with the acid proton H1 is
influenced strongly by the addition of the backbone of
ring both in terms of the adsorption energies and geomet
In the 8T ring and the 7T cluster the Al atom has differe
surroundings. In order to check whether the observed dif
ences are also due to the different termination of the Al at
we have carried out calculations on an 8T ring with Al ato
terminated by OSiH3 groups. The adsorption energy wa
found to be282.5 kJ/mol, 14.2 kJ/mol larger in absolu
value, whereas the geometry related to the coordination
the methanol molecule changed not more than 0.007 Å.
harmonic frequency of the zeolite OH stretch was only
2 cm21 lower. When H atoms were used to terminate the
r 2005 to 131.155.151.26. Redistribution subject to AI
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l

atom in the 7T cluster the adsorption energy has decrea
only by 0.9 kJ/mol. The zeolite OH bond distance was
creased by 0.002 Å and the Om¯Hz distance was decrease
by 0.011 Å. The harmonic frequency of the zeolite O
stretch was decreased by 36 cm21. As has been shown in
other theoretical studies2,5 by extending open clusters the in
teraction energy changes while the geometry changes li
We conclude that we can compare the 7T cluster and 8T
although the Al atom has different surroundings. The m
changes in the geometry and the frequencies are cause
the inclusion of the backbone of the ring.

BSSE. Usually the BSSE correction energy is calculat
for the equilibrium structure. For the water and methan
complexes in the 8T ring the BSSE was found to be in
range of 18.0–26.1 kJ/mol whereas for the 7T cluster
values are by 10 kJ/mol lower, 10.8–12.3 kJ/mol. We ha
calculated BSSE corrected anharmonic frequencies for
methanol complex with the H3 proton in the following way.
For each geometry we have calculated the BSSE correc
energy and added it to the total energy and then perform
fit. The BSSE correction was 22.9 kJ/mol for the short
distance and 24.8 kJ/mol for the longest distance. The dif
ence is only 2 kJ/mol. The anharmonic frequency was
creased by 22 cm21. This shift falls in the range of
10– 40 cm21 found by Silvi et al.51 for hydrogen bonded
dimers and a hydrogen bonded NH3 to the silanol groups.52

The shift caused by the inclusion of the BSSE is mu
smaller than the shift resulting from including the anharm
nicity. Therefore it will not influence the comparison and t
conclusions made in this paper.

Anharmonicities. As can be seen from Table IV, the an
harmonicity of the zeolite OH stretch vibrations for bo
water and methanol in the 8T rings are larger than in
open 7T clusters. Methanol forms a stronger hydrogen b
with the zeolite hydroxyl group and the frequencies are m
red shifted than the ones with water, and the effect of
anharmonicity is stronger. It is interesting to see what fr
tion of the total shift of the zeolite OH stretch vibration fre
quency is due to the anharmonicity. This can be done
dividing the total shift of the frequency minus the shift in th
harmonic approximation by the value the total shift. For w
ter on all clusters 38–43% and for methanol 33–38% is d
to anharmonicities. Although the absolute value of the s
caused by the anharmonicity in the presence of methano
larger, its contribution to the total shift is smaller or equal
that for water.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The anharmonic shifts are rather large. Del Beneet al.53

have also found a very large anharmonic shift~more than
1000 cm21) for the Br–H stretch mode in the complex wit
ammonia. In their study both hydrogen bonded and pro
nated complex were local minima along the Br–H bon
When water or methanol is adsorbed on the acidic site
both cluster models the potential energy surface has only
minimum when the hydrogen and the oxygen atoms
moved along the O–H bond.

That the OH stretch mode is not coupled to the ot
modes can be seen as follows: The harmonic frequen
obtained from the 1-D potential energy surface and from
normal mode analysis including framework vibrations a
quite close~see Table IV!. Also the atomic displacements o
the normal mode vibrations show that there is only one m
with appreciable displacement of the oxygen atom and
hydrogen atom of the OH group, and that there is hardly
displacement of other atoms for that mode. So we hav
very well defined OH stretch vibration.

The role of the crystal structure. Methanol is a larger
molecule than water and one may think that the hydro
bond between methanol and the zeolite OH group
strengthened because the backbone of the ring pushes m
nol towards the acid site. The methyl group of methan
however, is not in the ring but on both cluster types t
orientation of methanol in respect to the zeolite site is v
similar. Therefore the steric effect can be excluded. The r
structure enhances the interaction between the adsorb
and the zeolite. This is probably due to an electrostatic ef
that increases the basicity of water and methanol.

IV. CONCLUSIONS

In this paper we have studied the adsorption of water
methanol on two different clusters that have the topology
chabazite but a different shape. In the 8T rings the adsorb
are stronger bound than in the 7T rings. The proton posi
H3 is more favorable than the H1 position. The interaction
between the acid site and the adsorbates is via a hydro
bond. The distance between the adsorbate oxygen atom
the zeolite proton was found to be 1.533–1.586 Å for wa
and 1.422–1.520 Å for methanol.

The zeolite OH stretch vibration frequencies have be
calculated including anharmonicities. Without adsorbates
two proton positions in chabazite are very much alike, b
with regard to the OH bond distance and the OH stre
vibration frequency. The presence of water and metha
makes them more distinguishable as can be seen from
zeolite OH stretch frequencies of the 8T rings. This diff
ence between the frequencies of the protons H1 and H3 is
180 cm21 when water is adsorbed and 229 cm21 in the case
of methanol. The backbone of the ring strengthens the
drogen bond between the adsorbates and the zeolite hyd
group. The zeolite OH bond is weakened and the anhar
nicities become more important. Their contribution to t
total shift of the zeolite OH stretch frequency can be up
43%. In the case of methanol adsorbed in the 8T rings
zeolite OH bond is so much weakened that the stretch
quency gets close to 1600 cm21, where the bending fre
Downloaded 21 Apr 2005 to 131.155.151.26. Redistribution subject to AI
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quency of a water like fragment is observed. Thus, a f
quency around 1600 cm21 does not necessary mean that t
protonation of methanol has occurred.

The comparison between adsorbed water and adso
methanol has shown that the backbone of the ring ha
larger influence on the adsorption geometry and frequenc
the zeolite OH bond in the case of methanol. In order to
a quantitative agreement of the calculated and experime
frequencies, at least the zeolite OH in-plane and out-of-pl
bending coordinates have to be included. Such multidim
sional studies are in progress. Finally, our results seem
indicate that the electronic structure calculations give go
potential energy surfaces, and that deviations from nor
mode analyses are due to the neglect of anharmonicities
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