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The Brgnsted acidity of isomorphously substituted ZSM-5 by B, Al, Ga, and Fe has been studied at the
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B3LYP level of density functional theory. On the basis of the calculated proton affinity, natural charge on

the acidic proton, and the adsorption energy
Si < Fe—(OH)—Si < Ga—(OH)—Si < Al—(OH

of;NiHe Brgnsted acidity increases in the order-(BH)—
)—Si, in agreement with the experiment. In both Al and Ga

modified clusters, the adsorbed hbecomes ammonium (N#) stabilized by two N-H---O hydrogen bonds,

while the physisorbed NHs stabilized by one

N-H—O hydrogen bond in Fe and B substituted clusters. It

is also found that Ngladsorption changes the B coordination sphere.

Introduction

As being important microporous inorganic materials, zeolites
are used as catalysts with a wide range of applications due to
their Brgnsted acidity and shape-selectivi§yThe acid sources
are bridging hydroxyls, which arise from the presence of formal
trication replacing Si in their parent structures. Many efforts
have been devoted to the synthesis, characterization an
application of the isomorphously substituted zeolites with
elements in their framework other than Si and Al, such as B,
Ga, Fe, Ti, or Zr#~7 Incorporation of heteroatoms can change
the acidity and pore structure of zeolites and the modified
zeolites have altered catalytic activity, selectivity and stability.
This offers the potential to design zeolites for novel applications.
For example, FeZSM-5 is an active catalyst for the oxidations
of methane to metharfohnd benzene to phendlGa—ZSM-5
shows high selectivity in alkane aromatizatifdirS-1 is well-
known for its excellent performance in oxidation reactidhs.

Many experimental studiés 16 have investigated the struc-
tures and acidity of zeolites and the isomorphously substituted
zeolites containing different framework atoms. ¢huwsed
infrared (IR) spectroscopy and temperature-programmed de-
sorption (TPD) of adsorpted NHo study the acidity of several
isomorphously substituited MZSM-5 with the increased acid
strength: S+(OH) < B—(OH)—Si < Fe—(OH)—-Si < Ga—
(OH)—Si < Al—(OH)—Si. For design and characterization of
zeolites, and understanding of their catalytical mechanisms, it
is desired to get the insight into the detailed structural informa-
tion. However, X-ray analysis and even more sensitive neutron
scattering techniques cannot distinguish between Si and Al or

zeolitest’—30 Chatterje&? reported DFT calculations on iso-
morphously substituited ZSM-5 clusters by B, Al, Ga, and Fe,
and the relative acidity derived from proton affinities agrees
well with the experimental results. For understanding the
adsorption properties of zeolite catalysts, the interactions of
substrates with the Brgnsted acid site have been studied

dextensiveIy1,8'21’3HS since this is an important step in many

reactions catalyzed by zeolites. However, studies on the
adsorption properties of the isomorphously substituted zeolites
are rather limited>46

The acidic properties of zeolites include type (Brgnsted or
Lewis), strength and amount of the acid sites. In this paper, we
report cluster models and DFT calculations on the strength of
the Brgnsted acid sites in isomorphously substituted ZSM-5 by
B, Al, Ga, and Fe on the basis of (i) the estimated proton affinity
(PA), describing the facility of proton migration from some sites
located on the proton donor toward a proton accefit(i) the
natural charge on the acidic protogy), and (iii) the NH
adsorption energy as the measure of the Brgnsted acidity.

Models and Methods

Models. Due to their three-dimensional networks, it is not
possible to compute the complete real structures of ZSM-5,
therefore model systems are employed. The model coordinates
are taken from the ZSM-5 crystal structure by Koningst®ld
in which there are 12 distinct tetrahedral siteg, @= 1—12)
in the unit cell. Theoretical studyindicated that T, is the
favorable site for Al substitution, but the small energy differ-

other metal cations in these materials. and these neededfNC€S among various isomers show a distribution of Al over a

information could not be obtained directly from experiments.
Thus it is necessary to resort other methods to aquire the
information.

It has been shown that ab initio and DFT quantum mechanical
methods can be used to predict the acidity and reactivity of
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number of substitution sites. In this paper, the dite is selected
because it is located at the intersection of the straight and
sinusoidal channels of ZSM-5 and allows significant interaction
between the bridging OH and adsorbed molecules and thus being
consisdered as the catalytically active site.

The chosen models are made up of atoms surrounding the
hydroxyl group and designated generally as ZeOH (Ze@en
the proton is removed). To investigate the cluster size effect,
the first generation cluster with two tetrahedral centers in the
(OH)3Si—O(H)—M(OH)3; formula (M = B, Al, Ga, or Fe,
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M-8TH + NH;

Figure 2. Initial configuration of M—8TH + NH; cluster withdy;..
.o1 distance of 2.5 A.

ing relaxation of clusters that mimic zeolite framewsfk.
Therefore, clusters representing ZSM-5 framework are partially
optimized in this study as keeping the first and second cycles
around OH group (e5i—O(H)—MO3, M = B, Al, Ga, and Fe)
relaxed while other atoms fixed to their ZSM-5 positions. This
allows the atoms in the vicinity of the acid site and the
substituent to relax, while the cluster retains its position in the
zeolite lattice.

To study the interaction between NHind the acid site,
partially optimized ZSM-5 clusters and free optimized Ndte
used. The initial orientation of ZeOHNHS3 cluster is show in
Figure 2, in which the distance between the central bridging
oxygen in ZSM-5 cluster and nitrogen in NHln1...01, IS set
to 2.5 A34 The ZeOH-NHj5 clusters are optimized by keeping
O3MO(H)SIiOs; and NH; relaxed, while the rest of the clusters
(c) B-STH are anchored to their framework positions. The equilibrium
configuration of the ZeOHNH3; complexes are shown in Figure

Figure 1. Cluster models for ZSM-5 framework with;Tsite being
Al, Ga, Fe, and B: (a) M2TH, (b) M—8TH, and (c) partially
optimized B-8TH.

w

N ) Results and Discussion
donated as M2TH) as shown in Figure 1 are considered.

The second generation cluster with eight tetrahedral centers in  Table 1 summarizes the calculated total energies and proton
the formula ((HO)SiO):Si—OH—M(OSi(OH)s)s, donated as affinities (PA) of the M2T clusters with four different basis
M—8TH, are investigated. In all the clusters, the peripheral Sets. Proton affinity, considered as the energy required to remove
oxygens are saturated with hydrogens with a fixeeHdistance the acidic proton from the zeolite structure (ZeOH) and leading
of 1.0 A from the corresponding oxygen, oriented along the t0 the anionic cluster (ZeQ, is calculated as the energy
bond direction to what would otherwise have been the next difference between ZeOand ZeOH: It is obvious that, the
silicon atoms. smaller the PA, the more acidic the acid sites. On the basis of

Methods. All calculations in this paper are performed by this, the relative acidic order of the substituted-BISM-5 is:
using the Jaguar progr&fand the B3LYP density functional B—(OH)—Si < Fe—(OH)—-Si < Ga—(OH)—Si < Al—(OH)—
method. Four basis sets, LAV3P(d), LAV3P(d,p), LACVP(d), Si, consistent with the experimental resufts.
and LACV3P(d), were used to test the basis set effect. LAV3P-  The relative order of PA is nearly independent of the size of
(d) and LAV3P(d,p) represent the combination of the LAYBP  the employed basis sets, although small variations within 5%
effective core potentials (ECP) for Al, Si, Ga, and Fe, and the are observed. Therefore, the basis set effect for qualitative
6-31G(d) or 6-31G(d,p) basis set for all other elements. For purpose might be negligible. It is also to note that all energies
LACVP(d) and LACV3P(d), only Ga and Fe atoms are reported do not include corrections for zero-point energy due
described by LACVP2 or LACV3P?3 ECP, respectively, while  to their partial optimizations, and basis-set-superposition-error
6-31G(d) is used for all other atoms. Natural population analysis (BSSE). BSSE is expected to be roughly the same for each of
is performed by the Natural bond orbital (NBO) meti¥6&ince the clusters examiné¥land compensated in large extent in the
Fe (IIl) usually has a high spin ground staté)(h tetrahedral PA calculation, and we are only interested in the relative trends
coordination spher, all Fe-contanining clusters are calculated of energy with the nature of substituents. On the bases of these
with spin multiplicity of six, while the other clusters have closed results, further results and discussion are obtained with the
shell configuration as singlet states. LAV3P(d,p) basis set.

Quantum chemical calculations can reproduce experimental In addition to the basis set effects, we have also calculated
results reasonably only when geometries are allowed to relax.the effects of cluster size. As shown in Table 1, the relative PA
However, Sauéf pointed out that full cluster relaxation may order for M8T clusters is the same as for BFF, in agreement
lead to structures that do not resemble experimental zeolitewith the experimental results. With the increased cluster size
structures. Therefore considerable care is needed in explementfrom M-2T to M-8T, the PA values have a change of&kcal/



Isomorphously Substituted ZSM-5

(d) B-8TH-NH;

Figure 3. Equilibrium configurations of ZeOHNH; complexes: (a)
Al—8TH—NHs;, (b) Ga—8TH—NH;, (c) Fe-8TH—NH;, and (d)
B—8TH—NHa.

mol for M = Al, Ga, Fe, and this is only 2% of the total value.
However, significant change of 32.8 kcal/mol or 8.4% for
B—ZSM-5 is observed, this means that the additional shell of
atoms in M=8TH clusters effect the B-containing model much
significantly, and this is reflected by the structural parameters
of the equilibrium geometries discussed below.
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The key parameters for the equilibrium geometries of
M—2TH and M—8TH clusters are given in Table 2. It shows
that the distance between the bridging oxygen and Si atom
(dsi1—o01) of the M—8TH clusters is slightly longer than those
of the M—2TH models, and both are longer than that in the
parent ZSM-5 cluster (1.60 A), and the bridging-8 bonds
(do1-n) in M—8TH and M—2TH are nearly the same. It is
found that the distances between bridging oxygen and metal
(dvm-01) and silicon ¢oi-si1) are longer than the other corre-
sponding bonds. The angle of-MD—Si (amo1si1) in M—8TH
are smaller than that in the parent ZSM-5 (14% 12y around
7—13°. The distance between the bridging oxygen and the
substituentsdu-o31) increases only slightly with the increased
electronegativity and ion radius (Table 3) for M Al, Ga, or
Fe. For M= B, however, thals_o distance in B-2TH cluster
of 3.736 A is much longer than that ir-BTH (2.023 A) and
the other averageBO distances (1.3551.382 A), indicating
that there is no bonding between B and the bridging oxygen,
and therefore terminal rather than bridging OH irBTH is
observed. This might be ascribed to the small size%fdation
which prefers tri- rather than tetra-coordinat®n®! and the
larger B-8TH cluster with shorteds_o distance is due to the
additional shell of atoms. This agrees with the LDF calculations
on B—ZSM-5 clusters by Miyamoté? That the boron center
has tri- rather than tetracoordination is indicated by the sum
(357.4) of the OBO angles of the three short-B bonds in
B—8TH cluster. Therefore we can conclude that the first
generation M-2TH cluster is too small to model the isomor-
phously substituted ZSM-5, while the second generatier8BVH
clusters are adequate to represent the bonding properties of
heteroatoms and the acid sites in zeolite framework. Thus the
following discussion is based on™8TH clusters.

Charge Distribution. The second criterion for characterizing
the relative acidity of M-ZSM-5 is the partial charge of the
bridging OH group, and these are listed in Table 3. Natural
population analysis for M, O and H atoms show that the partial
charges on Mdy) and on the bridging groupmg, qo) decrease
with their increased electronegativiti&salthoughgo for M =
Fe is an exception. The charge on the proton of the OH group
can serve as a measurement for the Brgnsted aéfdiy. this
basis, the relative acidity of MZSM-5 shows the order of M
= Al > Ga> Fe> B, being in good agreement with the result
from proton affinity.

Adsorption of NH3. The third criterion for estimating the
relative acidity of M—ZSM-5 is the NH adsorption energy
(AEag9, which is defined as the energy difference between
E(ZeOH + NH3) and E(ZeOH-NH3).3* It is obvious that the
acid site with stronger acidity would have larger adsorption
energy, i.e., the smaller the PA, the larger the energy of
adsorptior?® As given in Table 4, the relative acidic order
deduced from the calculateiE,qs of M—ZSM-5 agrees well
with the order from PA and partial atomic charges of the OH
group. In addition, it is shown that the calculat®Bgsof Al —
ZSM-5—NHg; (25.6 kcal/mol) is close to the microcalometric
results (34 kcal/mol§465

The partial optimized structures of the adsorbed 8TH—
NH3; complexes are shown in Figure 3 with the selecteeHN
and O-H bond distances in Table 5. On the basis of the
N—H(O) separations, it can be seen directly thatsNdldcomes
protonated (NH") for M = Al and Ga with proton transfer,
while only physisorbed Ngifor M = Fe and B without proton
transfer is found. The former two clusters with hydrogen
bonding interaction of NH---O, while the latter two show the
reversed pattern (NH—0). It is also to note that there are
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TABLE 1: B3LYP Total Energies (E, au) and Proton Affinities (PA, kcal/mol) for Model Clusters
basis set Al Ga Fe B
LAV3P(d) E(2TH) —536.862 48 —536.871 21 —557.206 69 —559.714 62
E(2T) —536.318 66 —536.325 97 —556.651 24 —559.060 18
PA 341.2 342.1 348.6 410.7
LACVP(d) E(2TH) —1062.977 24 —822.530 40 —943.854 31 —845.369 76
E(2T) —1062.433 81 —821.984 54 —943.305 41 —844.718 69
PA 341.0 342.5 344.4 408.6
LACV3P(d) E(2TH) —1063.218 62 —822.747 33 —944.101 00 —845.583 19
E(2T) —1062.679 08 —822.204 32 —943.555 72 —844.939 54
PA 338.6 340.7 342.2 403.9
LAV3P(d,p) E(2TH) —536.908 65 —536.917 31 —557.251 75 —559.723 40
E(2T) —536.359 54 —536.366 73 —556.690 24 —559.101 68
PA 344.6 3455 3524 390.1
LAV3P(d,p) E(8TH) —1922.115 66 —1922.131 53 —1942.443 96 —1944.914 70
E(8T) —1921.577 20 —1921.590 45 —1941.894 95 —1944.345 26
PA 337.9 339.5 344.5 357.3

TABLE 2: Selected Bond Lengths (Angstroms) and Angles
(Degrees) in M—2TH and M —8TH Clusters

TABLE 5: Selected Bond Lengths (Angstroms) in
M —8TH—NH3; Clusters

M Al Ga Fe B M Al Ga Fe B

M—2TH doi—n 1.564 1.571 1.061 1.043
dv-o1 1.975 2.033 2.221 3.736 dni-n 1.081 1.081 1.574 1.589
dsii-o1 1.695 1.691 1.662 1.631 dv-o1 1.839 1.906 2.080 1.801
do1-+ 0.980 0.982 0.981 0.979 dsi1-o1 1.639 1.647 1.659 1.669
QAMo1Si1 131.3 132.1 152.8 109.8 dv-o (avp 1.754 1.802 1.851 1.406
du-o (avp 1.711 1.738 1.872 1.355 dsiz-o (avy 1.644 1.649 1.630 1.634
dsiz-o (avy 1.606 1.607 1.614 1.632

M—8TH a2The average length of the other three-K or Si1—O bonds.
dv-o1 1.983 2.105 2.131 2.023
gziijsl é:g% ézg% é:ggg é:ggg Indeed, such proton transfer between the acidic site of zeolites
Ano1si 133.8 139.1 133.3 136.9 and NH has been investigated theoreticdth?> and experi-
dv-o (ave} 1.717 1.754 1.841 1.382 mentally with the help of®N NMR®6 and IRF7:68 techniques.
dsi--o (avey 1.619 1.624 1.620 1.627 On the basis of the calculated adsorption energies, van Santen

a2 The average length of the other three-K or Sil—O bonds.

TABLE 3: Pauling Electronegativity of M Atoms ( Xy),
Radius of M3+ lons (Ry3*, Angstroms), and the Natural
Charges in M—8TH Clusters

M Al Ga Fe B
Xu? 1.61 1.81 1.83 2.04
Ry3ta 0.53 0.61 0.63 0.25
Qu 2.088 2.032 1.614 1.372
Jo1 —-1.158 —1.142 —1.155 —1.084
OH 0.566 0.558 0.554 0.550

a Reference 62.

TABLE 4: NH 3 Adsorption Energy (AEags, kcal/mol) of
M—8TH Clusters

M E(M—8TH—NHz) E(M—8TH + NHs) AEags
Al —1978.712 95 —1978.672 12 25.6
Ga —1978.726 20 —1978.687 99 24.0
Fe —1999.034 74 —1999.000 42 215
B —2001.502 67 —2001.471 16 19.8

two N—H---O interactions in the former two clusters, one with
the original bridging oxygen, and the other with the next oxygen
in the same orientation. Associated with these interactions,
lengthening of the ©H (do1-1) bond and the shortening of
the M—O (duw-o01) and Si-O (dsi1-01) bonds as compared to
the bare M-8TH clusters (Table 2 vs Table 5), as expected,
are observed. The geometric difference of-EISM-5—NH3
clusters is reflected by the calculated N&tisorption energies,
i.e., double hydrogen bonds for Al or Ga substitution have larger
adsorption energy than single hydrogen bond in B substitution.
The different acidity of the B, Al, Ga, and Fe substituted ZSM-5
is responsible for the different structures of the adsorbed
complexes of NHwhich in turn reflects the nature of substit-
uents.

found that proton transfer from the aluminum zeolite clusters
to NHz was favorable in case the formed MHs stabilized at

the same extent with two or three hydrogen bonds to the zeolite
clusters, while the coordination of one additional N¢doad-
sorption) is less favored energeticatfyHe also pointed out
that clusters without proton transfer are stabilized through only
single hydrogen bontt In full agreement with these theoretical
considerations, and on the bases of the IR spectra af Nts

in zeolites, Zecchina found that the resulting Ntk stabilized
mainly by two or three hydrogen bonds inside the channels and
cages of aluminum ZSM-5, MORB, SAPO-34 and Y zeolites,
and also by four hydrogen bonds in aluminum M&RE The
features of the IR spectra of the adsorbed,NHIre influenced

by the types of zeolites, and different acidic sites in turn give
different contribution to the spectra.

Our results are in line with these theoretical and experimental
findings. For example, the forming NH in Al-ZSM-5 is
mainly stabilized by two hydrogen bonds, and the same is also
for Ga—ZSM-5. In AI-MOR 55 we also found proton transfer
between the acidic side and Ntnd the resulting Nkt is
mainly stabilized by three hydrogen bonds. Therefore, the
framework of the specific zeolites determines the number of
hydrogen bonds stabilizing the NHions inside the channels
and cages.

In addition, further stabilization of the hydrogen bonded,NH
by excess NHlis also found experimentally on the basis of IR
spectref® For comparison, we calculated the interaction between
NH4™ and NH; for the formation of [HN—H:+*NH3]".8%70The
computed stabilization of 33.7 kcal/mol at the same level is
stronger than that (25.6 kcal/mol) of ALSM-5 (Table 4). This
indicates that the stabilizing interaction infM—H-+-NHz] " is
stronger than that in ALZSM-5—NH3;, and this allows the
coadsorption of excess NHo be favored energetically. The
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formed [HsN—H---NH3] ™ is stabilized by hydrogen bonds to (9) Morrison, R. T.; Boyd, R. NOrganic Chemistry6th ed.; Prentice

i i Hall: New York, 1992; p 893.
the negative charged zeolite frameworks, as found by van (10) Gnep. N. S.- Biyemet. J. D.: Guisnet, M. I.Mol. Catal. 1988

Santerf 45, 281.
In contrast to the stronger acidic Alor Ga-ZSM-5 cluster, (11) Thangaraj, A.; Kumar R.; Katansamy, Rppl. Catal.199Q 57,
L1-L3.

no proton transfer t?etween Nthd_ the Ies_s acidic Feanq (12) Hidalgo, C. V.; Itoh, H.; Hattori, T.; Niwa, M.; Murakami, Yd.
B—ZSM-5 clusters is found. The interaction has only single cata) 1984 85, 362.

hydrogen bond, although an additional much longer-® (13) Topsoe, N.-Y.; Pedersen, K.; Derouane, RJGCatal. 1981, 70,
interaction (1.997 A) is found for M= Fe (Figure 3). Therefore,  41. . _ _ _
no further stabilization by excess Nidan be expected, since 195124)12"'%%‘1_6' S. G.; Abdullah, R. A.; Bhat, R. N.; Ratnasamyvlites

the stabilization energy of [fN—H---NHjz] of less than 5 kcal/ (15) Chu, C. T.-W.; Chang, C. Ol Phys. Cheml985 89, 1569.
mol’tis much smaller than the adsorption energies for=NB (16) Ramaswamy, V. Editors: Gupta, N. M.; Chakrabarty, DCltal.
(19.8 kcal/mol) or Fe (21.5 kcal/mol). [Pap. Nat. Symp.], 12t1996, 95-99. (Meeting Date: Dec 1922, 1994.

- . Narosa: New Delhi, India.)
From the optimized geometry of the cluster representing NH (17) Greatbanks, S. P.; Sherwood, P.; Hillier, .JHPhys. Chenl994
adsorbed on B8TH, it can be observed that3B center 98, 8134.

becomes less planar than in-BTH, as indicated by the change (18) Shah, R.; Payne, M. C.; Lee, M.-H.; Gale, J9giencel 996 271,
f the sum of the three OBO angles, which is 350i0 oo
of the sum ot the three angles, ch is (19) Gonzales, N. O.; Chakraborty, A. K.; Bell, A. Catal. Lett.1998

B—8TH—NHj3;, while 357.4 in B—8TH. This might point to 50, 135.
the effect of a reversible change of coordination from trito tetra __(20) Deka, R. Ch.; Vetrivel, R.; Pal, S. Phys. ChemA 1999 103

Lot . o 5978.
coordination of the Bf center when NHlis adsorbed. This is (21) Limtrakul, J.: Khongpracha, P. Jungsuttiwong, S.: Truong, T. N.

in agreement with that observed experiment&l{? J. Mol. Catal. A200Q 153 155.
(22) Chatterjee, A.; lwasaki, T.; Ebina, T.; Miyamoto, Microporous
: Mesoporous Materl998 21, 421.
Conclusion (23) Sierka, M.; Sauer, Faraday Discuss1997 106, 41.

- . . (24) Viswanathan, B.; Jayashree T®eor. Anal. Chenl996 35A 1034.
The Brgnsted acidity of isomorphously substituted ZSM-5 (25) Chatterjee, A.; Vetrivel, RMicroporous Mater.1994 3, 211.

by B, Al, Ga, and Fe has been studied at the B3LYP level of  (26) Lewis, D. W.; Catlow, C. R. A.; Sankar, G.; Carr, S. W.Phys.
density functional theory. It is found that the relative order of Ch(ezr%.lg?ﬁ 99,M23;7.N_ holas, 3. B. Phys. Chem1995 99, 15046

: H H H ave, M. S.; NIcholas, J. B. yS. e A .
the acid strength is less dependent on the S|ze.of thg basis sets (28) Parrillo, D. J. Biaglow. A.: Gorte, R. J.: White, Stud. Surf, Sci.
employed. The effect of the cluster size was investigated by catal 1994 84, 701.
using the cluster models with two and eight tetrahedral centers, (29) Kramer, G. J.; van Santen, R. A. Am. Chem. Sod.993 115,
and only the large model is sufficient for representing the 285(3;(-)) Vetrivel. R Pal, S.: Krishnan, 9. Mol. Catal. 1991 66, 385
isomorphously substltuteql Z_SM-S approximately. On the basis (31) Macedonia, M. D.: Moore, D. D.. Maginn, E. Uangmuir 2000
of the calculated proton affinity, the natural charge on the proton, 16, 3823.

and the energy of Niladsorption, the sequence of the acid (32) Haase, F.; Sauer,Microporous Mesoporous Mate200Q 35, 379.

i _qj _qj _qQj (33) Greatbanks, S. P.; Hillier, L. H.; Burton, N. A.; Sherwood JP.
stlrength IS &(OhH)h Si < Fe—(OH) .i' ; Ga—(OH)-Si < Chem. Phys1996 105, 3770.
Al—(OH)—Si, which is consistent with the experiment. (34) Kyrlidis, A.; Cook, S. J.; Chakraborty, A. K.; Bell, A. T.;

The equilibrium structure of the clusters representing the Theodorou, D. NJ. Phys. Chem1995 99, 1505.
adsorption of NH indicated that NH becomes protonated (35) Rice, M. J.; Chakraborty, A. K.; Bell, A. T. Phys. Chem. A998

. . S 102, 7498.
(NH4_+) in contact with A= and Ga-ZSM-5, while is only (36) Kanougi, T.; Tsuruya, H.; Oumi, Y.; Chatterjee, A.; Fahmi, A.;
physisorbed for Fe and B-ZSM-5. It was found that there  Kubo, M.; Miyamoto, A.Appl. Surf. Sci1998 130, 561.
are two N-H---O hydrogen bonds in At and Ga-ZSM-5, (37) Bordiga, S.; Civalleri, B.; Spoto, G.; Paze, C.; Lamberti, C.;

: : : N Ugliengo, P.; Zecchina, Al. Chem. SocFaraday Trans1997, 93, 3893.
while only single hydrogen bond in reversed pattern-{N (38) Hunger, B.; Matysik, S.. Heuchel, M.: Einicke, W.-Dangmuir

0) for Fe- and B-ZSM-5. In addition, it is found that & 1997, 13, 6249.
undergoes a reversible change of coordination sphere when NH  (39) Brand, H. V.; Redondo, A.; Hay, P. J. Phys. Chem. A997

is adsorbed, in agreement with experiment. 101 7601.
’ 9 P (40) Jobic, H.; Tuel, A.; Krossner, M.; Sauer,d].Phys. Chem1996

) 100, 19545.
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