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The heterogeneity of the hydroxyl groups in chabazite

Velitchka V. Mihaleva,® 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 Brgnsted sites in chabazite. One of the clusters consists of eight tetrahedré@joms
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 and 1457—-2074 cit

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 atoto B more acidic than the
proton attached to the oxygen atorg.@\Iso, 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 Physic§DOI: 10.1063/1.1628221

I. INTRODUCTION occur depending on the zeolite framework. Instead of com-
paring different zeolite frameworks one can also compare

th tTdth[ mnmzityk}O:rfe\l/:/:itc(ijrerL the r;ydrOﬁentifo;m of zeolltles iifferent hydroxyl groups within the same zeolite structure.
at dete € the € range of application as a calalysh example of a zeolite with different hydroxyl groups is

are the bridging hydroxyl groups, which determine the cata-

tic activity. and their porous structure. which determinesChabaZite' In the IR spectra two different proton position are
yt Y, P ' observed’ with a difference in the OH stretch frequencies of

the shape selectivity. The selectivity is a property that can b§4 cmi L. As there is only one possible-SiAl substitution

measured by the distribution of the end products. The aCt'the protons are bound to oxygen atoms from the same Al

ity can be determined by measuring the rate of the reaCtior{tatrahedron. The T-O bond distances are within the narrow

T\f/ler mecir:ainlzri’?ﬁls lrtn;Jch bmos d:fflcutlit ;Oir?te rsr:ludcile(: hovr:_'nterval of 1.599-1.617 A and tiie-O—Thbond angle within
ever, as It Is difficutt to observe reactio ermediates and 44.8-150.0°. In spite of the similarity of the structural pa-

e s ey JAees e 140 oo rous have  cferen sl
: y y raphic environment.

the changes in the IR spectra after adsorption Of. basi(_: mog In this paper we have addressed the problem of the effect
ecules such as water and methanol. The interaction with thg the zeolite crystal structure in two ways. Chabazite is

gdsorbates We"?‘ke”S th? zeolite OH bond and the COMmespongr, jeled with two clusters of different size and shape. The
ing frequency is redshifted. The larger the shift the more

acidic is the zeolite hvdroxvl aroun. The question then isadsorbates, water and methanol, have different basicity and
Y y! group. q size. We will show that upon the adsorption of water and

what the influence is of a particular zeolite structure on the .
acidity of the bridging hydroxyl groups. methanol the two zeolite hydroxyl bonds are strongly per

The adsorntion of water and methanol has been studi télrbed but to a different extent. The acid proton,Hb-
€ adso p_?s ot water a cthanol has been SWdiegy o at higher frequency in the spectra of chabazite, was
both on clusters*® representing a small part of the zeolite

and in periodic calculation$ 2®including the zeolite crystal found to be more acidic than the proton Hrhe adsorption

. S f methanol in one of the clusters affects the zeolite OH
structure. The role of the zeolite structure on the activation oP

T L stretch frequency so much that it shifts to the region of
methanol has been studied in periodic approach but the 500 cmfl.qlncluﬁing anharmonicities when calculati?]g the

clusions are somewhat contradictory. Comparing the adsorpffequency of the zeolite OH stretch vibration is essential. We

tion energy and thzee geometry of methanol on different 2€0n ave found that the contribution of the anharmonicity to the
lites Haase etal=® have concluded that the zeolite

L ) hift of the f | f I h
framework does not have a decisive influence on either thS ift of the fundamental frequency can be several hundreds

. X f wave numbers.
adsorption energy or the geometry. Stiehal?® have con-

cluded that protonation of a single methanol molecule may
Il. COMPUTATIONAL DETAILS

Author to whom correspondence should be addressed. Electronic mail: ~ 1N€ _framework of zeolites is built from Comer?sharing
tgakvm@chem.tue.nl Al and Si tetrahedra. The crystal structure of pure silica form
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electronic structure calculations are based on density func-
tional theory using the B3LY® functional implemented in
caussiaN 98%° A mixed basis set has been used; 6-311
+G* on all oxygen atoms and 6-31& on Al, Si, C, the

acid proton and the protons of methanol and water. To reduce
the computational costs a STO-3G basis set has been used on
the dangling hydrogens. The geometry constrains of the real
zeolite structure has been mimicked by including the termi-
nating hydrogen atoms with fixed Cartesian coordinates at
the initial positions. The rest of the cluster has been fully
optimized. We have also studied the adsorption of water on
FIG. 1. The intersection of two cages in the crystal structure of chabaziteST .rlngs: (see Fig. 2, represented in .the same Way.z.is de-
T, and T, are part of two 8T rings, which belong to different cages. scribed in Ref. 18. To assess the basis set superposition error
(BSSB we have carried out counterpoise calculatith®

We have used a PW91 and DZVP2 basis set on all atoms in
of chabazité® is shown in Fig. 1. The unit cell contains 12T the 8T ring® and we have not found significant differences in
atoms with only one T atom in the asymmetric part. Every Tthe geometry and the harmonic frequencies when the
atom is a member of two 8T, three 4T, and one 6T rings. ArSTO-3G and DZVP2 basis sets were used on the dangling H
8T ring has four T atoms which form a plane, two paired Tatoms. Cluster calculations as described above have been
atoms above, and two paired T atoms below that plane. Sutshown to give good results for the interaction of molecules
stituting a Si atom with an Al atom leads to a formally nega-with zeolites'*®

tively charged system which can be neutralized by attaching In the calculations of the shifts of the frequency of the
a H atom to the oxygen atoms from the Al tetrahedron. Thezeolite OH stretch vibration the anharmonicity has been in-
Al atom was placed in the jTposition. We have considered cluded. This has been done by representing the potential en-
protonation of the oxygen atoms,@nd G, which are part of ergy in the 1-dimensional vibrational Hamiltonian by a poly-
different 8T rings. If the hydrogen atom is bonded to oxygennomial:

atom Q then within the 8T ring containing that oxygen atom

the Al atom is situated in-plane. For the hydrogen atom at- 1
tached to Q the Al atom is out-of-plane. H=T+V(r)= 2—p2+ Co+CiAT+CoAr2
We model the zeolite with a cluster representing an in- K
tersection of two 8T rings in the structure of chabazite, de- +czArd3+c,Ard, 1

noted further in this paper as an open 7T clussee Fig. 2

T_he cluster has been termina@ed by hydrogen atoms, poﬁ-}\?here,u is the reduced mass anit is the change of the
tioned at 1.47 A along the Si-O bond. The ground stat€qqjite' OH bond distance. The oxygen and hydrogen atoms
have been moved along the OH bond while keeping the cen-
ter of mass fixed. For the zeolite cluster without adsorbates
the coefficientsc; have been obtained by fitting five points.
The bond distances were 0.8, 0.9, 1.0, 1.2, and 1.4 times the
equilibrium distancey. For the zeolite with adsorbed water
or methanol an extra point at 1.55 was added because of
the flatness of the potential energy surface. The fit error for
the potential energy surface of the complexes was in the
range 1.99-2.5810 # E,,. The harmonic frequencies have
been calculated with the quadratic part of the polynomial
expression of the potential energy. As the equilibrium struc-
ture is a minimum of the potential energy surface, the coef-
ficient c, is zero and the harmonic frequency is given by
w"=\2c,u~ 1. To find the eigenvalues of the vibrational
Hamiltonian including anharmonicities we have expanded
the vibrational wave function as a linear combination of Her-
mite functions® up to 12th order. The width of the Hermite
functions is determined from the reduced mass and the force
constant, 2/2c,u)Y*. The coefficients were determined us-
ing the linear variation principle. The elements of the Hamil-
tonian matrix could be calculated exactly for the Hamil-

) ) ) tonian (1). We have also compared one-dimensioffaD)

FIG. 2. Th_e calculated adsorptlon modes of water with the zeolite protpn%armonic calculations with normal mode calculations with
H,; and H; in the closed 8T rings and the open 7T clusters. The projection .

and the numbering of the oxygen atoms corresponds to Fig, 2n@Q, all degrees of freedom of the clusters to show that there is no
wherex={1,3}, are symmetrically equivalent. harmonic coupling between the OH stretch and other modes.
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TABLE |. Proton affinity, selected geometry parameters, and O—H vibrational excitation of the zeolite clusters.
The vibrational frequencies" and w,_; are the harmonic and the anharmonic fundamental, respectively, and
wq_» is the anharmonic overtone. Energies in kJ/mol, bond lengths in A and frequencies in&mero point
energy correction is included.

PA O,—H Al-0, Si-Q, o" wo_1 wo_
o 8T ring 1282 0.970 1.959 1.731 3868 3601 6980
' 7T cluster 1248 0.968 1.932 1.719 3895 3629 7036
o 8T ring 1284 0.972 1.938 1.708 3843 3574 6925
8 7T cluster 1256 0.969 1.883 1.717 3877 3609 6997

Anharmonic coupling terms are neglected here because theyhd H;, respectively. These values are only by 2 kJ/mol
affect the frequency of the OH stretch much less than theower than the corresponding values we have calculated for
terms in 13*73° the open 7T cluster.
The way the Al atom is terminated influences the Al-O

bond distance for a greater extent than the OH bond distance
Ill. RESULTS AND DISCUSSION (see Table ). When instead of H atoms OSjHyroups are
used to terminate the Al atom, the Ali@) bond distance is
by 0.027 A and 0.055 A shorter for,Gnd Q,, respectively.

In previous calculatiot we have studied all the pos- The OH bond distance is shortened by 0.003 A for the O
sible acid proton positions. The experimentally fothand  atom. The Al-@H) distance for the Klproton position in the
theoretically predicte§2°3"=4Opreferred positions for the open 7T cluster agrees very well with the periodic
acid protons in chabazite are oxygen atomsadd Q. In cajculation&®® and embedded 2T cluste¥s.The corre-
the present study we will concentrate on them. sponding distance for the,Hproton position in our calcula-

The difference in the relative stability of the two acid 4, is longer by 0.025 A. Greatbanks al” have also found
proton positions in the open 7T clusters is 8.1 kJ/mol in favory, slight increase of the Al—®l) and OH distances when
of the proton H. This energy difference is by 5.4 kJ/mol embedding a 3T cluster.

"?"gelg than Wh‘f’u we h.a}ve found fc_)r. the clustgr .Of an 8T The calculated harmonic and anharmonic frequencies are
fing. T.he relative stability of th(_a aC|d|c_protons IS ﬂ'? agree- also presented in Table |. The anharmonicities have the fol-
;nner:mV\gtefzjg;ZerS_(FluCTlt;é:raI\Ir::ulatl'or&; u5|r|1g |13.Tr%,t,37,3gfl lowing effect on the vibrational energy levels. They shift the

In perlodic calculatio energy levels to lower energy and decrease the distance be-

. e{\1/veen the levels. As can be seen from Table | the anharmonic
from Table | the proton affinities of the oxygen atoms showfr quencies for the fundamental transitias,_, are by
-1

a strong dependence on the choice of the cluster. Compar 1 X
to the 8T rings the proton affinity of the open 7T clusters ar(j2 6-269 cm" lower compared to the harmonic ones. For

lower by 28—34 kJ/mol. When the H atoms attached to théhe ST rings the frequency of the stretch vibrations of the
Al atom in the 8T ring were replaced by OSildroups, the zeolite hydroxyl groups are 3601 crhand 3574 cm?, for

proton affinities were increased by 10 and 4 kJ/mol for oxy-t€ Proton positions Hand H, respectively. These values
are in excellent agreement with the experimental vatues

gen atoms @ and G, respectively. Brandet al*® have « e
found a strong dependence of the deprotonation energies ngp03 ¢M * and 3579 cm*. For the open 7T cluster the fre-
only on the size but also on the shape of the clusters. OUfUeNcy is shifted 35 e upwards for the K proton posi-
results agree with this observation. Although the absolutdion- The near IR spectrum provides information about the
values of the proton affinity changes for the different clus-overtones of the OH stretch vibration. In a harmonic ap-
ters, the oxygen atom-{has a higher proton affinity than the Proximation the frequency of the overtone is a multiple of
oxygen atom Q@for all cluster approximations. Experimental the fundamental frequency. The experimental vaftisof

data for the deprotonation energies of chabazite are not avaibe first overtone of HZSM-5 are at 7077 th and
able. Based on periodic calculation Haasel2® have found 7065 cmi*. These values are smaller than twice the funda-
a value of 1196 kJ/mol for the Hproton position. Embed- Mmental frequency, which shows that indeed the separation
ding 2T clusters Bradle et al** have reported 1277 kJ/mol between the first and the second excited states is smaller than
and 1258 kJ/mol for i and H; proton positions, respec- the separation between the ground and the first excited states.
tively. Compared to our results, the difference in the protonVe have calculated somewhat lower frequencies for the
affinity of the two oxygen atoms is larger, 17 kJ/mol, and inovertones, which indicates that the anharmonicity of the OH
their calculations the oxygen atom, @as a higher proton bond is larger in our theoretical model.

affinity than the oxygen atom {0 Using a different embed- Nevertheless the difference in the relative proton stabil-
ding method Naslusoet al*? have found the proton affinity ity between our models for the acidic site and the periodic
of the Q; oxygen atom to be higher by 6 kJ/mol than that of calculations, we have found in an agreement with the experi-
the Q, oxygen atom. They have reported deprotonation enment and the periodic calculations the OH stretch frequency
ergies of 1250 and 1256 kJ/mol for the proton positions H of the H; proton to be higher than that of the ldroton. Shah

A. Zeolite cluster without adsorbate
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TABLE Il. Adsorption energy and selected geometry parameters of water adsorbed on the clusters. Energies in
kJ/mol, bond lengths in A. A zero point energy correction is includeﬂgdblnotes the hydrogen atom from the
water molecule which is not involved in hydrogen bonding the the zeolite cluster.

Eas O-H O~H O-H O,-H, OyH, O,H|

o 8T ring —66.5 1.026 2.034 2.561 1.533 0.976 0.964
' [7T cluster —68.2 1.016 1.882 2.495 1.568 0.982 0.962
o 8T ring —78.8 2.104 2.551 1.020 1.566 0.973 0.964

® [7T cluster —67.3 2.031 2.345 1.013 1.586 0.977 0.962

et al*®* have calculated anharmonic frequencies of 359Qwith the lengthening of the ©-H, bond distance. The water
and 3565 cm® for the H; and H proton position, respec- proton in the open 7T cluster is closer to the zeolite oxygen
tively. Jeanvoineet al* have reported somewhat lower an- atoms than in the 8T ring. Similar strengthening of the pri-
harmonic frequenCieS. The differences between our CIUStqﬁary hydrogen bond and Weakening of the Secondary hydro-
calculations and the periodic calculations is not only the wayyen bond was found by Greatbarétsal.” when embedding a
the acidic site is modeled but also in the periodic calculation®T c|yster. They have found an,©-H, distance shortened
the PW91 density functional and plane waves as a basis SBY 0.07 A and an §-H, bond distance elongated by 0.05 A.
were used. We have shotfithat the PW91 functional gives e do not observe such great changes in the coordination of
longer OH bond distances and lower harmonic frequencieghe water molecule as the cluster we consider includes the
compared to the B3LYP functional. We expect that the lowerejghhoring Si tetrahedron, which makes it more flexible. In
anharmonic frequencies obtained in the periodic calculationg,q open 7T cluster and in the closed 8T ring the fragment of

, i . : 47
are mainly due to the density functional. Ugllengt)]?l. the zeolite the water molecule interacts with includes the
have calculated the anharmonic frequency of 3624 tfor g3 me number of oxygen atoms and the reorientation of the

the H, proton position which is in a very good agreement, aier molecule is less pronounced. For comparison the
with that of the open 7T cluster in the present study. Theyo .-H, distance is shortened by 0.04 A and the-@, is
z . z

. . . . - w
have used B3LYP and a localized basis set in a per'Od"éIongated by 0.01 A for the complex with the acid proton

approach. H,. Tajima et al® have also observed a similar trend of
strengthening of the primary hydrogen bond when extending
a 3T cluster to an 8T ring of H-form zeolite. It is difficult to
1. Water compare the absolute values as in their calculations the zeo-
Energies The adsorption energies and the geometries ofite fragment was treated as a rigid anion framework. With
a water molecule interacting with the zeolite clusters ardegard to the distance between the water molecule and the
shown in Table II. For both cluster types the water complexZ€olite proton and the zeolite hydroxyl bond distance, our
with the acid proton ki is more stable. The difference in the results differ from previous theoretical calculatidifs:®*"*9
adsorption energies of the water molecule within the 8T ring/Ve have found water to be closer to the zeolite proton com-
is 10 kJ/mol in favor of the adsorption complex with the acidPared to the adsorption modes found by Rydeal!’ and
proton H;. For the open 7T clusters the difference almostZygmuntet al* and further from the zeolite proton in com-
disappears. All values for adsorption energies listed in Tabl@arison with Krossneet al® and Nustereet al*® The zeolite
Il are within the range of previous theoretical hydroxyl bond distance was found to be shorter.
studie 101417 1%0m — 45.6 to—92.5 kJ/mol. Frequencies The interaction between the water mol-
Geometries Selected geometrical parameters characterecule and the acid site is via a hydrogen bond, which weak-
istic for the complexes between water and the zeolite activens the zeolite hydroxyl bond. As can be seen later from
site are listed in Table Il. The water coordination is depictedTable 1V, the zeolite OH stretch vibration frequencies are
in Fig. 2. In both adsorption complexes a strong hydrogershifted to lower values compared with the frequencies for the
bond is formed between the zeolite proton,)ldnd the oxy- isolated zeolite clusters. Already in the harmonic approxima-
gen atom (Q) of water (see Table Il and Fig.)2We will  tion the shift is 629—880 cm'. The smaller shift is for the
refer to it as a primary hydrogen bond. One of the hydrogeradsorption complex with the acid protor kh the open 7T
atoms of the water molecule forms a bifurcated hydrogercluster and the upper shift is for the one with the acid proton
bond with the oxygen atoms of the zeolite cluster. This hy-H; in the 8T ring. Along with the weakening of the zeolite
drogen bond will be referred as a secondary hydrogen bondH bond the potential energy surface flattens which is ex-
The zeolite oxygen atom closest to the water proton in theressed in increasing the difference between the harmonic
complex of water with the acid proton;Hs O, which be- and anharmonic frequencies. We have calculated anharmonic
longs to the Al tetrahedron, whereas for the complex with therequencies for the zeolite OH stretch vibration in the pres-
acid proton H this is the oxygen atom [Ofrom the neigh- ence of water in the range of 2170—2500¢m The fre-
boring Si tetrahedron. The backbone of the ring is notguencies for the acid protongth the 8T ring are close to the
present in the open 7T clusters. When one goes from thexperimental valu€ of 2403 cnm? in the spectra of hy-
open 7T cluster to the closed 8T ring thg OH, distance drated H-SSZ-13. The frequency for the same proton in the
decreases for both acid proton positions. This goes alongpen 7T cluster is close to the experimental vald&*° of

B. Zeolite rings with adsorbates
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TABLE IIl. Adsorption energy and selected geometry parameters of methanol adsorbed on the clusters. Ener-
gies in kJ/mol, bond lengths in A. A zero point energy correction is included.

Eads Ol_ H 02_ H 03_ H om_ Hz Om_ Hm
0 8T ring —68.4 1.062 2.090 2.394 1.422 0.975
* 7T cluster —74.5 1.029 2.022 2.376 1.509 0.976
o 8T ring —75.3 2.107 2.383 1.046 1.472 0.974
8 7T cluster —74.0 2.084 2.330 1.029 1.520 0.975

2480 cm'* of the B band in the spectrum of water adsorbedthe open 7T clusters and the 8T rings is similsee Figs. 2
on HZSM-5. The anharmonicity of the zeolite OH bond is and 3. The adsorbate OH bond distances are very alike with
larger for the 8T rings compared to the open 7T clusters. Fothe exception of the complex with the acid proton iH the
the isolated OH stretch vibrations we have calculated a difopen 7T cluster. There the water proton is the closest to the
ference between the harmonic and anharmonic frequenciggolite cluster and the corresponding OH bond distance in
of 266—269 cm?. In the presence of water we have found water is the longest. The major difference between the
that the difference almost doubles. methanol and water complexes is the strength of the primary
The two proton position in the 8T ring and the open 7Thydrogen bond. As the adsorption energies suggest methanol
cluster have different environments which affects the adsorpto be bounded stronger to the acid proton, in terms of geom-
tion geometry of the complex with water and the OH stretchetry this is expressed in a shorter,®H, distance. The in-
vibration frequencies. When the backbone of the ring is refluence of the backbone of the ring on the geometries of the
moved the frequencies are shifted upwards for both acid ponethanol coordination in the rings follows the same trend as
sitions. The shift for the acid photon ;His 240 cmi?, for water, but it is more pronounced. For both acid proton
whereas for H it is 154 cmi L. The difference in the depro- positions the @---H, distance in the 8T ring is shorter than
tonation energies of the two protons in the 8T ring is only 2the one in the open 7T cluster and the corresponding zeolite
kJ/mol and it increases to 8 kJ/mol for the open 7T cluster. Ifydroxyl bond distance is longer. The,O-H, distance is
is a too small difference to say which of the two zeolite shortened by 0.087 A and 0.048 A for the proton positions
protons is more acidic. However, if we compare the frequenH; and H;, respectively. The zeolite OH bond distance is
cies of the two OH bonds in the 8T ring, we will find a elongated by 0.033 A for the proton; Hnd by 0.023 A for
difference of 180 cm®. For the open 7T cluster the corre- the proton H.
sponding difference is 94 cm. Therefore we draw the con- Frequencies The calculated harmonic and anharmonic
clusion that the proton position,;Hs more acidic as its fre- frequencies are listed in Table IV. As methanol forms a
guency in the presence of water is at a lower value.

C. Methanol

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

We have calculated a proton affinity of methanol of 754
kJ/mol and water of 686 kJ/mol. As methanol is more basic
than water one expects that methanol will interact stronger Q
with the acid site. Indeed when water and methanol were
co-adsorbed on HZSM8the TPD and the IR spectra have
shown the pure adsorption of methanol only. The difference
in the adsorption energies, we have calculated, are in agree-

. . . . FIG. 3. The calculated adsorption modes of methanol with the zeolite pro-
ment with this observation though they differ only by 5 kJ/ tons H and H; in the closed 8T rings and the open 7T clusters. The pro-

mol. jection and the numbering of the oxygen atoms corresponds to Fig, 1. O
GeometriesThe coordination of methanol and water in and g, wherex={1,3}, are symmetrically equivalent.
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TABLE IV. The anharmonic ™) and the harmonic4") frequencies, and their difference for the zeolite OH
stretch vibrations with adsorbed water and methanol on the different clusters. In parentheses the harmonic

frequencies from a normal mode analysis including the framework vibrations are given. The frequencies are in
—1

cm -,
Water Methanol
wanh a)h wanh_ wh wanh a)h wanh_ wh
8T ring 2170 27212697 551 1457 2168119 708
! 7T cluster 2410 28762853 466 2060 264@625 589
o 8T ring 2350 28402819 490 1686 24002384 718
3 7T cluster 2504 29802920 476 2074 2652637 583

stronger hydrogen bond with the zeolite, the frequencies aratom in the 7T cluster the adsorption energy has decreased
expected to be even more redshifted compared to water. lonly by 0.9 kJ/mol. The zeolite OH bond distance was in-
harmonic approximation the shift is in the interval of creased by 0.002 A and the,©-H, distance was decreased
952-1436 cm?. Similar to water the lower shift is for the by 0.011 A. The harmonic frequency of the zeolite OH
acid proton H in the open 7T ring and the upper shift for the stretch was decreased by 36 ¢n As has been shown in
acid proton H in the closed 8T ring. When anharmonicities other theoretical studiés by extending open clusters the in-
are included the frequencies are further decreased. For the &raction energy changes while the geometry changes little.
ring the anharmonic zeolite OH stretch vibration frequencyWe conclude that we can compare the 7T cluster and 8T ring
is 1457 cm'* for the proton H and 1686 cm? for the pro-  although the Al atom has different surroundings. The main
ton H;. This shows that the stretch vibration can be loweredchanges in the geometry and the frequencies are caused by
so much that it falls in the region were the bending vibrationthe inclusion of the backbone of the ring.

of water is, which is generally the mode assignment for fre- BSSE Usually the BSSE correction energy is calculated
guencies in that region. In the power spectra of a singldor the equilibrium structure. For the water and methanol
methanol molecule adsorbed on chabazite Stichl?® have  complexes in the 8T ring the BSSE was found to be in the
found for the OH vibrations only a peak at aboutrange of 18.0—-26.1 kJ/mol whereas for the 7T cluster the
1600 cm L. In their MD simulations they have observed a values are by 10 kJ/mol lower, 10.8—12.3 kJ/mol. We have
formation of methoxonium cation but in the power spectracalculated BSSE corrected anharmonic frequencies for the
the asymmetric and symmetric OH stretch frequencies wermethanol complex with the Hproton in the following way.
missing. The band at about 1600 chhas been assigned to For each geometry we have calculated the BSSE correction
the bending vibration of a protonated methanol molecule. A®nergy and added it to the total energy and then perform the
Stichet al. have done the calculations in a periodic approachfit. The BSSE correction was 22.9 kJ/mol for the shortest
thus the crystal structure of chabazite is included, our resultdistance and 24.8 kJ/mol for the longest distance. The differ-
for the frequencies in the 8T ring can be compared withence is only 2 kJ/mol. The anharmonic frequency was in-
theirs. The hydrogen bond between the acid proton andreased by 22 cit. This shift falls in the range of
methanol weakens the zeolite hydroxyl bond in such an ex10-40 cm* found by Silvi et al®! for hydrogen bonded
tent that the potential energy becomes very flat. The anhadimers and a hydrogen bonded Nkb the silanol groupg?
monicities are large and even for physisorbed methanol dhe shift caused by the inclusion of the BSSE is much
band at about 1600 cnt can be observed, which is a smaller than the shift resulting from including the anharmo-
strongly perturbed OH stretch vibration. The frequencies fomicity. Therefore it will not influence the comparison and the
the open 7T cluster are shifted upwards for the protgb¥d  conclusions made in this paper.

603 cni ! and for H by 388 cm'. This shows that poten- AnharmonicitiesAs can be seen from Table IV, the an-
tial energy surface depends very much on the shape of thearmonicity of the zeolite OH stretch vibrations for both
cluster representing the zeolite active site. water and methanol in the 8T rings are larger than in the

The interaction of methanol with the acid proton 4  open 7T clusters. Methanol forms a stronger hydrogen bond
influenced strongly by the addition of the backbone of thewith the zeolite hydroxyl group and the frequencies are more
ring both in terms of the adsorption energies and geometriesed shifted than the ones with water, and the effect of the
In the 8T ring and the 7T cluster the Al atom has differentanharmonicity is stronger. It is interesting to see what frac-
surroundings. In order to check whether the observed differtion of the total shift of the zeolite OH stretch vibration fre-
ences are also due to the different termination of the Al atonguency is due to the anharmonicity. This can be done by
we have carried out calculations on an 8T ring with Al atomdividing the total shift of the frequency minus the shift in the
terminated by OSikl groups. The adsorption energy was harmonic approximation by the value the total shift. For wa-
found to be—82.5 kJ/mol, 14.2 kJ/mol larger in absolute ter on all clusters 38—43% and for methanol 33—38% is due
value, whereas the geometry related to the coordination db anharmonicities. Although the absolute value of the shift
the methanol molecule changed not more than 0.007 A. Theaused by the anharmonicity in the presence of methanol is
harmonic frequency of the zeolite OH stretch was only bylarger, its contribution to the total shift is smaller or equal to
2 cm ! lower. When H atoms were used to terminate the Althat for water.
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The anharmonic shifts are rather large. Del Behal®®  quency of a water like fragment is observed. Thus, a fre-
have also found a very large anharmonic skiftore than quency around 1600 cit does not necessary mean that the
1000 cm 1) for the Br—H stretch mode in the complex with protonation of methanol has occurred.
ammonia. In their study both hydrogen bonded and proto- The comparison between adsorbed water and adsorbed
nated complex were local minima along the Br—H bond.methanol has shown that the backbone of the ring has a
When water or methanol is adsorbed on the acidic site fotarger influence on the adsorption geometry and frequency of
both cluster models the potential energy surface has only ornte zeolite OH bond in the case of methanol. In order to get
minimum when the hydrogen and the oxygen atoms ar@ quantitative agreement of the calculated and experimental
moved along the O—H bond. frequencies, at least the zeolite OH in-plane and out-of-plane
That the OH stretch mode is not coupled to the othelbending coordinates have to be included. Such multidimen-
modes can be seen as follows: The harmonic frequenciesional studies are in progress. Finally, our results seem to
obtained from the 1-D potential energy surface and from andicate that the electronic structure calculations give good
normal mode analysis including framework vibrations arepotential energy surfaces, and that deviations from normal
quite close(see Table 1V. Also the atomic displacements of mode analyses are due to the neglect of anharmonicities.
the normal mode vibrations show that there is only one mode
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