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| , : Abstract ‘

Rational catalyst design, notably zeolites and molecular sieves, represents
one of the most rewarding challenges in catalysis research. Zeolites possess
three dimensional microporous crystalline solid. Their catalytically active acid-
sites within the complex porous framework structure provide unique properties
that make them very attractive industrial materials. They play a significant role in
chemicals and fuels production worth over $1000 billion per year. Zeolites and
molecular sieves can be failored or chosen to maximize the product of target
molecules by employing state-of-the-art techniques. Qur aim is to develop
strategies for tailoring the structural and chemical properties of catalyst materials
and to explore the potential of new catalytic materials. In the present research
work the surface structure and catalytic properties of different zeolitic clusters
have been investigated for the first time via density functional theory
(DFT/B3LYP), Hartree-Fock(HF) and Perturbation theory(MP2). This includes
B Structures, energetics and vibrational frequencies of zeqlitic catalysts : a
comparison between density functional and post-Hartree-Fock approaches
®  Cationic, structural, and compositional effects on the surface structure of
zeolitic aluminosilicate catalysts

® Structures and potential energy surface of Faujasitic zeolite/water

B Coadsorption of ammonia and methanol on H-zeolites and alkaline-
exchanged zeoclites

W Structure and reaction pathways for methylamine/zeolite system.
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post-Hartree~Fock approaches
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Bangkok 10900, Thailand

Abstract

Structures, energetics and vibrational frequencies of zeolitic cluster models have been investigated with an ab initio
method at the correlated level involving the second-order Moller-Plesset (MP2) and with the density functional theory
(DFT) method including local and non-local spin density functions. Full optimization of structures has been carried out
with 3-21G, 6-31G"*, 6-311G*, DZVP basis sets. The comparison of geometries of zeolite clusters between the DFT
{Becke—Lee-Yang—Parr and Vosko-Wilk—Nusair) and MP2 resuits agrees with 1 pm for Si—0O and O-H, while the
weaker Al-O bond length agrees with 2-4 pm depending on the exchange-correlation potential employed. The Si-
Q(H)-Al Si-0O-H, and Si-O-5i bond angles are in good agreement with MP2. The flexible Si-O-Si angle is well
represented by BLYP but not by VWN, the latter yielding angles 12° and 18° smaller than the MP2 and coupled pair
functional results, respectively. This suggests that BLYP should be used. The acidity of zeolites at the BLYP/6-311G*
level is evaluated by proton affinity; it is virtually identical to that from MP2/DZP and is also close to the result for Gl
theory within the desired 10kJ mol~' accuracy. The DFT OH stretching frequencies of zeolite clusters are predicted to
within 4% of the experimental value. The DFT methods are computationally efficient and appear to provide results that
are generzlly of comparable quality to MP2.

Keywords: Density functional theory; MP2; Zeolite

1. Intreduction and vibrational frequencies of the Brensted acidic

surface sites which are crucial for understanding

Zeolites are porous frameworks of crystalline
aluminosilicates with a number of interesting
physical and chemical properties. The hydroxyl
groups in zeolites are acknowledged to be of
prime importance for the catalytic properties and
have led to numerous industrially important appli-
cations [1-11].

It is important to know the structures, energetics

* Corresponding author.

the catalytic processes [9-12].

Recently, density functional theory (DFT) has
been employed to investigate various chemical sys-
tems {13-18]. Not only does it require much less
computational effort, but also the DFT results are
very encouraging when compared with high level
ab initio calculations and more reliable experimen-
tal data. This leads to the utilization of DFT
approaches for large chemical systems.

To the best of our knowledge, no systematic

0166-1280/95:309.50 © 1995 Elsevier Science B.V. All rights reserved
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investigations of the structure and bonding of zeo-
litic cluster models have been explored by DFT
employing both local (LSD) and non-local spin
density (NLSD) approximations. We have selected
H;SiOHAIH;, (OH);SiCHAKOH});, H3SiOHAI-
(OH),;—0S5iH,, and H;S5i0HAI{OSiH3},-0SiH;
1o test and gauge the usefulness of DFT by a direct
comparison with the high level ab initio results, and
also the available experimental results.

2. Metheds and computational details

Full geometry optimization of all zeolitic cluster
models was carried out with the DFT methods.

Al density functional computations were carried
out using the Dgauss program [19] implemented to
run on the Cray-YMP EL98 at the NECTEC High
Performance Computing Center,

In Dgauss, the electron density is expanded in
terms of single-particle Gaussian-type functions,
referred to as the “auxiliary basis set”. The pro-
gram includes approximate electron exchange and
correlation effects. These contributions are evalu-
ated on a finite grid and can be fitted to another
auxiliary basis set. Most integrals are calculated
anaiytically, but some integrals concerning
exchange-correlation contributions are evaluated
by a numerical integration technique using a finite
grid.

Two different exchange-correlation functionals
were selected for this investigation, namely the

local density approximation (LDA) and BLYP
functionals. For LDA we employed the Vosko—
Wilk-Nusair (VWN) correlation function [20]. It
is generally believed that the VWN potential repre-
sents one of the best analtytical functional forms
currently available for LSD potentials. Gradient-
type corrections have been included self-
consistently using the non-local functions of
Becke exchange [21] and the Lee, Yang and Pamr
[22] correlation (BLYP).

The cluster models (H3SiOH, H;SiOSiH;,
H;SiOHAIH,, (OH);SiOHAI{OH};, H;SiOHAI-
{OH),—Q0SiH;, and H;SiOHAI{OSiH,),—08SiH;)
have been computed with 3-21G, 6-31G*, and

6-311G* basis sets. Additionally, to minimize the

basis set superposition error (BSSE) and to
improve the quality of valence orbitals, the recom-
mended LSD-optimized orbital basis sets [23]) were
also employed. The following orbitals were used:
(41) for hydrogen atoms, (621/41/1) for oxygen
atoms, and (6321/521/1) for Si and Al atoms. The
following auxiliary basis sets were used: [4] for
hydrogen atoms, [7/3/3] for oxygen atoms, and
[9/4/4] for Al and Si atoms. These LSD-optimized
orbital basis sets can be considered as double-zeta
split valence plus polarization (DZVP} basis sets.
For the ab initio calculations we employed the
TURBOMOLE program, which is based on the direct
self-consistent field (SCF) method of Almloef and
co-workers [24-26]. Two two-electron repuision
integrals are recomputed when needed, rather
than being kept. Three basis sets of 3-21G,

Table 1
Optimized parameters for the molecular models of H;SiOH and H;Si0SiH,
Methods Basis sets H,SiCH H,;Si0SiH;
Si-O (pm) O-H (pm) Si~O-H (pm) $i-O (pm)  Si-O-Si (deg)
BLYP 6-31G* 168.2 97.7 114.3 166.7 148.4
6-311G* 167.3 97.0 118.6 166.4 150.0
VWN 6-31G* 165.8 97.6 115.1 165.0 137.8
6-311G* 164.9 96.8 119.6 165.1 132.1
MP2 6-31G* 167.2 96.9 116.4 - 166.0 143.7
6-311G* 165.5 85.6 121.7 164.3 155.7
CPF Extended® 165.0 95.8 117.7 164.8 151.6

* [8s, 5p, 3d, 1f/4s, 2p].
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Table 2
Optimized parameters for the molecular model H;SiOHAIH, at the BLYP. VWN, MP2 and HF levels
Methods Si-0 (pm)
3-21G* 6-31G* 6-311G* DZVP DZVP2 TZVP
BLYP 1769 173.4 173.1 173.4 1733 173.0
VWN 1743 171.2 170.2 171.4 1711 170.4
MP2 175.8 [72.8 171.5 - - -
HF 173.6 170.6 169.9 - - -
Al-0O (pm)
BLYP 197.5 207.1 207.0 2109 210.2 209.7
VWN 191.8 199.8 i89.4 201.8 201.3 199.1
MP2 1942 202.6 200.6 - - -
HF 1922 202.2 201.5 - - -
O-H (pm}
BLYP 997 97.9 97.1 98.2 978 - 91.5
VWN 99.5 98.1 97.1 98.2 978 97.5
MP2 98.6 %73 96.0 - - -
HF 96.6 95.1 942 - - -
Al-..H (pm)
BLYP 256.1 258.2 261.7 255.5 256.2 256.0
VWN 2527 245.2 2535 248.9 250.2 255.2
MP2 256.0 259.7 259.2 - - -
HF 249.5 258.1 255.8 - - -
Si-0-Al (deg)
BLYP 125.6 1276 127.0 131.0 130.8 i30.6
VWN 121.6 121.1 125.1 121.9 1234 1259
MP2 1235 123.3 123.8 - - -
HF 1249 126.7 126.2 - - -
Si-0O-H (deg)
BLYP 119.2 1169 1192 15.7 1162 1163
VWN 121.5 1169 121.2 117.7 118.1 L19.5
MP2 118.2 116.5 118.7 - - -
HF 119.7 117.6 118.9 - - -

6-31G*, and 6-311G™* guality are used. In order to
obtain the more reliable structures of zeolite, the
correlated calculations were performed for the
primary unit H3SiOHAIH;. Geometry optimization
was termninated when the gradient norm with respect
to internal coordinates was less than 107> Eua;’.
The energy change was then below 5 x 107%E;,.
All SCF and second-order Moller—Plesset (MP2)

calculations were carried out on the HP 700 cluster
at the Laboratory for Computational and Applied
Chemistry at Kasetsart University.

3. Results and discussion

In order to assess the reliability of density
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Table 3
BLYP optimized parameters computed for different models

Model Si-0 (pm)
3-21G DZVP 6-31G* 6-311G*
H,SiOHAIH; [76.9 17134 1734 1731
H,Si0HAYOH),0SiH; 175.7 174.6 173.4 173.4
{OH),SiOHAIKOH}); 175.6 174.8 175.2 174.3
H,SiOHAKOSH;),05H; 1758 173.9 173.1 173.0
Al-O (pm}
H;SiOHAIH; 197.5 2109 2074 207.0
H,;Si0OHAI{OH),0SiH; 188.8 i97.9 1953 195.7
{OH);SiOHANCH), 1848 191.9 190.9 191.7
H,;SiOHANO0SiH;).08iH; 190.0 197.4 196.4 197.6
O-H {pm)
H;SiQHAIH, 99.7 98.2 979 97.1
H;SiOHAIOH),OSiH, 99.4 98.1 978 97.0
(OH);SIOHANOH); 99.4 98.0 978 - 97.0
H,SiOHAI(OSiH; ), OSiH, 99.9 © 982 98.0 97.4
Al---H {pm)
H;SiOHAIH, 256.1 255.5 258.2 261.7
H;SiOHANOH),OSiH, 2439 2354 2516 250.9
{OH);SIOHAYNOH); 2518 2543 255.5 2537
H;SiOHAN(OSiH, ), 08iH; 240.5 2488 243.6 2440
Si-0-Al (deg)
H,SiOHAIH; 125.6 1310 127.6 127.0
H,SiOHANOH),05iH; 120.2 125.6 124.1 124.0
{OH);SIOHAI(OH), [19.3 121.4 120.2 1199
H;SiOHAKOSiH; ). O8iH; 1284 130.0 1319 131.5
Si-O-H (deg)
H;Si0HAIH, 119.2 115.7 1169 119.2
H;SiOHAJ{OH),08iH, 1239 119.3 121.8 1223
(OR);SiIOHAKOH), 118.8 119.6 113.8 120.8
H,SiOHAI(OSiH; ), 08iH; 123.2 1199 1213 1219

functional methods (local and non-local approxi-
mations) and the validity of the molecular models
employed, the structures, proton affinities and
vibrational frequencies of the smallest mode! com-
pound silanol, H;SiOH, disiloxane, H;SiOSIH,,
and different cluster models of zeolites
(H;Si0HAIH,, (OH);SiOHAI{OH};, H3iSiOHAI
(OH),05iH;, and H;SiOHAI(OSiH,;}),0SiH;)

were computed at different levels of theory using
3-21G, 6-31G*, 6-311G* and DZVP basis sets, as
documented in Tables 1-5, and also depicted in
Fig. 1. Smaller clusters, HySiOHAIH;, are also
computed at MP2 levels employing the
corresponding basis sets, and the results were
compared with those of the more reliable
coupled pair functional (CPF/[8s, 5p, 3d, lf/4s,
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Table 4

VWN optimized parameters computed for different models

Model Si-O (pm}
3-21G DZVP 6-31G* 6-311G*
H,SiOHAIH, 174.3 §TE4 171.2 170.2
H,SiOHAI(OH),0SiH; 172.8 1715 170.8 1704
H,SiOHANOSiH,),08iH; 173.0 i71.0 170.7 170.3
Al-O (pm)
H,Si0HAIH; 1918 201.8 199.8 198.4
H;SiOHAI{OH),0SiH; 184.0 190.0 188.9 185.0
H,SiOHANOSiH,),0SiH, 184.3 190.3 190.4 190.3
O--H (pm)
H,SiOHAIH, 995 982 9g.1 97.1
H,SiOHAI(OH}),08iH;, 99.3 98.0 97.8 97.2
H,SiOHAI(OSiH,;),08iH; 100.2 98.3 98.1 97.4
Al---H (pm)
H,;SiOHAIH; 2527 2489 2452 253.5
H,SiOHAKOH),08iH; 2419 247.7 2452 243.7
H,SiOHAI(OSiH, ), 08iH, 231.2 243.7 241.7 2410
Si-0-Al {deg)
H;SiOHAIH, 12L.6 121.8 121.1 125.1
H,SiOHAKOH),0SiH, 118.2 1219 1222 121.8
H,SiOHAIOStH,),0SiH; 125.0 124.3 125.3 125.1
Si—-O-H (deg)
H,;SiOHAIH; 1215 117.7 116.9 1212
H;SiOHA)OH),08iH, 1279 123.3 124.1 1254
H;SiOHAI(OSiH,),08iH; 130.1 124.5 125.1 1254
2p]) method of Sauer and Alhrichs [27] and Gl Silano!

[28,29], as well as_available accurate experimental
results.

3.1. Structures

Table 1 illustrates the results for H;SiOH and
H;8i08iH; structure parameters computed at dif-
ferent levels of theory. It is clearly seen that BLYP/
6-311G* and MP2/6-31G* levels yield basically the
same results, which are also close to the more accu-
rate CPF structure given in Table 1.

Bond lengths involving OH are consistently
longer than CPF values (97.0 (BLYP), 96.8
(VWN}, and 95.8 pm (CPF)). The DFT results
are in good agreement with MP2/6-31G* (96.9
pm). For the S5i-O bond length VWN/6-311G*
yields a virtually identical value to CPF, while the
corresponding value at the BLYP/6-311G* level is
2.3pm too long. Si—-O—H bond angles calculated
with both DFT procedures compare well with MP2
and CPF results {119.6°, 118.6°, 116.4°, and 117.7°
at the VWN, BLYP, MP2 and CPF levels,

respectively).
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o &

Fig. 1. Schematic representation of molecular models optimized at BLYP;/6-311G* and VWN/6-311G* (values in parentheses) for (a)
H;S5i0HAIH;, (b) (OH),SIOHAI{OH);, (¢) H;5i0HAOH),0SiH;, and (d) H;SiOHAI{OSiH, ), O8iH;.

Table 5
Computed OH bond lengths, proton affinities (kJ mo!"), and vibrational frequencies {cm™') at the VWN and BLYP levels of theory for
H;SiOHAIH,;, H;Si0HAI(OH),08iH; and H;S5i0HAI(OSIH;),05iH,

Cluster model Basis set oy (pm) P.A. (Kmol™") . v (em™")
VWN BLYP VWN BLYP VWN BLYP
H,SiOHAIH, 320G 99.5 99.7 1333.5 1343.0 3550.0 3488.6
6-31G* 98.1 979 1295.5 1323.3 36713 3662.7
6-311G* 97.1 97.1 12827 1307.9 3789.8 37570
DZVP 98.2 98.2 1284.0 1314.1 3693.7 3660.4
H,SiOHAKOH),08iH, 321G 99,3 99.4 1371 8 1382.4 1610.9 3516.0
6-31G* 97.8 978 1302.5 1324.0 3780.3 3720.8
6-311G* 97.2 97.0 1296.9 1316.2 3873.1 38129
DZvVP 98.0 98.1 12819 1310.4 3841.1 3749.4
H,SiOHAKOSiH;),05iH; 321G 100.2 999 1305.7 1319.3 3455.0 34513
631G* 98.1 98.0 1253.6 1272.5 3675.2 3653.4
6-311G* 97.4 97.4 1242.3 1261.9 3702.6 3683.7

DZVP 98.3 98.2 . i244.4 1264.9 3655.3 3647.6
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174.3
{172.0)

Fig. 1. Continued.

Disiloxane

For H;SiOSiH,, the computed S5i-0O bond
lengths are 166.4pm (BLYP/6-311G*) and
165.1pm (VWN/6-311G*), which are in good
agreement with the results of 166.0pm at the
MP2/6-31G* and 164.8 pm at the CPF level. How-
ever, the VWN Si—O-S8i bond angles are too small
by about 18° when compared to the CPF result. In
contrast with this discouraging result, the BLYP/6-
311G* approach yields of 150.0° which is close to
the MP2/6-31G* (143.7°) and the most reliable

CPF angle of 151.6°, as well as experimental data
(=144%} [30].

Zeolites

A systematic deviation in bond lengths can be
observed with different methods for H3SiOHAIH,
{see Figs. 2(a)-2(c) and Table 2). Bond lengths
concerning hydroxyl O-H calculated at both the
DFT-VWN/6-311G* and DFT-BLYP/6-311G*
levels are comparable to those computed at the
MP2/6-31G* level. The deviation for the O-H
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Fig. 2. Optimized parameters — {a) Al-Q, (b) O-H. (¢) Si-O. (d) S5i-O(H)-Al and {e) §i-O-H — for the molecular modei
H;3i0HAIH; at the BLYP, VWN, MP2 and HF levels.
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Fig. 2. Continued.

bond length is 1.1 pm at both the DFT-VWN/6-
311G* and DFT-BLYP/6-311G* levels, as com-
pared to the MP2/6-311G* level. Inclusion of
NLSD has little effect on the O-H and 5i-0
bonds, but this is not the case for the weaker
Al-O bonds: the Si—0, and Al-O bonds are
lengthened by 2.9 and 8.7pm, respectively. At
the DFT-VWN/6-311G* level, the OH, 8i—O and
Al-O bond lengths are 97.1, 170.2 and 198.4 pm,
respectively, which are in very good agreement
with those determined at the MP2/6-31G* level;
the corresponding MP2 values are 97.3, 172.8
and 202.6 pm.

Bond angles calculated at both the DFT/VWN
and DFT/BLYP levels are in good agreement with
those computed at the MP2 level (see Figs. 2(d)-

&Gt

~ ene

2(e)). At the DFT-BLYP/6-311G” level, maximum
deviations of 3.2° and 0.5° are calculated for the
bond angles of Si—-O(H)-Al and Si-O-H,
respectively. The corresponding deviation values
using DFT-VWN/6-311G* are 1.3° and 2.5°.
There is little effect on the Si—O and Al-O bond
lengths, and Si—0-Al and Si—O-H bond angles on
going from the DFT-BLYP/6-31G* to the DFT-

BLYP/6-311G* level. The same corresponding:

effect is also observed for the DFT-VWN proce-
dure. However, the bond lengths involving hydro-
gen atoms, especially the O—H bond, exhibit large
deviations: 98.1 vs. 97.1 pm (at VWN/6-31G* and
VWN/6-311G*, respectively) and 97.9 vs. 97.] pm
{at BLYP/6-31G* and BLYP/6-311G*, respec-
tively). This implies that at least a 6-311G* basis

10
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set is required for the system irvolving hydrogen
bonding.

Considering Tables 3 and 4, it is clearly seen that
H,SiOHA(OSiH;),08iH; provides a better model
than the widely employed H;SiOHAIH;. The
smallest model yields an Al-O bond length that
is too long compared with that of
H,;SiOHAI{OSiH;},0S8iH;. On increasing the
level of basis set from 3-21G to 6-31G* to 6-
311G*, the Al-O bond lengths of the cluster
models increase whereas the Si—-0 and O-H bond
lengths decrease, as shown in Figs. 3 and 4. The
results obtained with the 6-311G* basis sets show
that the AlI-O bond lengths are contracted by 9.4
and 8.1 pm at the BLYP and VWN levels, respec-
tively, while the S5i—-O bond lengths of these
methods are almost identical upon expanding the
model from H3SIOH)AIH; to H,Si0HAI-
{OSiH;),OS5iH; (see aiso Tables 3 and 4).

Further support for the reliability of using the
H,SiOHAHOSiH;),0S8iH; unit in computations
is given by the resuits of NMR studies: the
Al---H distance of H-faujasite has been estimated
to be 238 £ 4 pm {1], when our computed distances
of H;SiOHAI(OSiH;)},08iH; are 2440 and
241.0pm (at the BLYP/6-311G* and VWN/6-
311G* level, respectively), whereas the correspond-
ing distances of H3SiO(H)AIH; are 261.7 and
253.5pm (at BLYP/6-311G* and VWN/6-311G*,
respectively).

Tables 3 and 4 also give other important par-
ameters, including the O—H distance which plays
an important role in catalytic properties. The
hydroxy! O-H bond length obtained from a neu-
tron diffraction study of acidic faujasite [31,32] was
100 £20pm. It should be noted that for
H;SiOHAI{OH),0S8iH, our BLYP/6-311G* OH
bond length was calculated to be 97.0 pm, which
is in very good agreement with the recent MP2/
DZP result of 96.8 pm [33].

In order to observe changes in structure and
bonding on going from the anionic framework
site to Bransted acid site, the anionic clusters
were also computed at the 3-21G, 6-31G* and 6-
311G* levels of theory. In the following discussion,
we refer to the BLYP results obtained with the
largest basis set, 6-311G*. Removal of a proton
from the protonated cluster of H;SIOHAI-

{OSiH;);O8iH; strengthens the Si—O(H) and Al-
O(H) bonds (173.0pm vs. 160.6 pm for Si-O(H),
and 197.6pm vs. 1748pm for Al-O(H). The
Si-0O-Al angle (148.2°) in the deprotonated cluster
is larger (by 16.7°) than the Si—O(H)~Al angle
(131.5°) at the bridging hydroxyl site. The average
Al~O bond length of the four Al-O bonds of the
protonated form was calculated to be 179.9 pm,
whereas for the anionic framework it was found
to be 174.4 pm, which is in good agreement with
the available experimental value of 174.5 pm deter-
mined by X-ray diffraction measurement of the
zeolite [34].

3.2. Proton affinities

Proton affinities of Brensted hydroxyl in zeolites
can be used as a basis for the activity of catalysts in
catalytic processes. :

We can evaluate the performance of the DFT
procedure in predicting gas phase proton affinities
by comparison with highly reliable theoretical
values of G1 and coupled pair functional levels.
All calculated proton affinities at different basis
sets for different cluster models are documented
in Table 5. )

Silanol

The calculated VWN/6-311G* and BLYP/6-
311G* proton affinities are evaluated to be 14952
and 1520.4 kJ mol ™. It can be seen that NLSD per-
forms perfectly well at the BLYP/6-311G* level,
which is in good agreement with the CPF
(1521 kImol™!) [27] and G1 (1490.3kImoi™})
[28,29] results.

Zeolites

The BLYP proton affinities of zeolites are
reduced on passing from 3-21G to 6-311G*, as
shown in the following {(VWN results in paren-
theses): 35.1 (50.8)kfmol™! for H,SiO(H)AIH;,
66.2 (74.9)kImol™! for H;SiOHAI(OH),0SiH,
and 574 (63.4)kImol™' for H;SiOHAI-
(OSiH;);O8iH;. The improvement on going from
3-21G 1o 6-311G* is quite large, with a maximum
difference of 75kJ mol™!.

The result of the proton affinity for the
H;Si0AIHY molecule with BLYP/6-311G* is also

13
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encouraging. The deviation from the most accurate
G1 [29,30] is about 12kI mol~*. The MP2/6-31G*
proton affinity yields a virtually identical value to
the less expensive BLYP result (1307.9kJmoi™"
(MP2) vs. 1307.9kImol™' (BLYP)). DFT results
may be further improved by enlarging the basis
to a size comparable to 6-311+G (3df.2p) in
order to obtain a deviation within the desired
10kYmoi~! accuracy from experimental data.

For H;SiOHAI{OH),0SiH,, the BLYP/6-
311G* yields a value 2kImol™! lower than MP2/
DZP [33]. This agreement reflects the similar com-
puted OH bond lengths at both levels of theory
{96.8pm (MP2) vs. 97.1 pm (BLYP)). It is also
important to study the dependence of proton
affinities on the employed cluster size. On expand-
ing the model cluster from H;SiOHAIH; to
H,;8i0HA!(OSiH;),~0SiH,, the proton affinities
are decreased by 40 and 46kJmol™' with the
LSD and NLSD procedures, respectively. For the
largest model of our work, the proton affinities are
calculated to be 1242 and 1262 kI mol~ with LSD
and NLSD, respectively. Using the systematic
deviations between DFT and Gl theory, our pre-
dicted value is estimated to be 1215 kI mol ™!, which
is in the range of experimentally determined values
of 1180-1333kJmol™! [35,36]. The calculated
AM] proton affinity of Si;;AlO0;;,H;;, which is
by far the largest zeolite cluster, is estimated to be
1295 kI mol~! [37). In order to properly study the
acidity of the bridging hydroxyl group in zeolites,
such a modestly-sized cluster model of
H;SiOHAI(OSiH3),—0SiH, at least is needed.

3.3. Vibrational frequencies

It has been noted previously by Pople et al. [38]
that the frequencies obtained at the HF and MP2
levels using the 6-31G* basis set have been
found to yield vibrational frequencies that are
about 12% and 6% too high, respectively, on aver-
age compared with the experimentally observed
frequencies.

It is one of our aims to evaluate the performance
of DFT procedures in predicting vibrational
frequencies, voy. The voy of zeolites increases
with the size of the basis functions (see Table 5).
The improvement on going from 3-21G to

6-311G* is quite large, with a maximum of
297cm™.

Silanol

The VWN and BLYP OH frequencies, vy, of
3807.2 and 3751.3cm™} are in agreement with
MP2/6-31G* calculations (3841.6 cm“). They are
also in agreement with the Morse MP2 OH stretch-
ing frequency of Bates and Dwyer [39] (3818cm™).
The HF/6-31G* voy of 4148cm™" is 306cm™'
higher than the MP2/6-31G* value. This is due
partly to the neglect of electron correlation.

Zeolites

The VWN and BLYP OH frequencies, vgy, of
H;SiOHAIH; are 3789.8 and 3757.0cm™’, respec-
tively. Andrews and Handy [40] have recently pre-
sented harmonic vibrational frequencies of this
molecule at MP2/DZP. Their vy is 3800cm™!,
in agreement with our results. The DFT result is
about 300cm™ lower than the SCF/6-31G* result
reported by Fleischer et ai. [41]. Their calculation
at this level is 4090 cm ™! which is known to yield an
overly high vgy. Calculations of the vibrational
frequencies of all cluster models of zeolites
employed here indicated that vgy are located in
the region 3683-3757cm™', which can be com-
pared to the range of experimentally determined
values of 3520—3630cm™. It is well known that
the observed 1oy depends on the number of alumi-
nium atoms and the distribution of the =SiOHAI=
groups in the zeolite framework [42]. With the aim
of quantifying the quality of the DFT data for
zeolite clusters, we have compared our results
with the most recent experimental data [43]. The
maximum deviation occurs in the case of
H;Si0(H)AI(OH),08iH;. If we consider the rela-
tive error, we find for our models a deviation of 2—
5% from the experimental data depending on the
models employed. In the case of closest agreement,
a deviation of less than 2% is derived for
H,SiO(H)AI{OS81H,),0S8iH; at the BLYP level,
compared to experimental results.

4. Conclusions

We have carried out LSD and NLSD functional
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methods with 3-21G, 6-31G*, 6-311G*, and DZVP
basis sets to investigate the structures, energetics,
and vibrational frequencies for silanol, disiloxane,
and different zeolite clusters. Some smaller models
have aiso been calculated at the MP2 level. The
individual geometrical parameters calculated at
the BLYP and VWN levels with a modestly-sized
basis set (6-311G*) generally yield good results
compared to MP2 with much less computational
effort. Comparing BLYP and VWN results with
MP2, the former has a significant lengthening effect
on the weaker A-QO bond which does not occur
with the latter. The Si-O{H)-Al and Si—-O-H
bond angles of zeolites are not appreciably affected
by the inclusion of NLSD. However, the NLSD
was found to be important for a better description
of the floppy Si—O-Si bond angle for disiloxane.
The proton affinity of H;SiOHAIH,, a widely
employed model of a Brensted acid site in zeolites,
is virtually identical to that of MP2/DZP and is
also close to the result from G1 theory within the
desired 10kJmol™! accuracy. For this cluster
model, the BLYP vy value is calculated to within
130 cm ™! of the experimental value. We expect that
the same accuracy from the BLYP/6-311G* proce-
dure will be applied to larger zeolite clusters in the
future.
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Abstract

The cationic, structural, and compositional influences on the structure and bonding of zeolitic aluminosilicates have been
investigated with the density functional theory {DFT} method including local (VWN) and non-local spin density functionals
{BLYP). Full optimization of structures has been carried out at the 6-31G* /VWN and 6-31G* /BLYP levels of theory for
the different types of the =Si-OH-Al= unit in the secondary building unit of the zeolite cluster models
[(OH)H Al Si;.,0,,F* 77" (x, y=0, 1, 2, 4) and the silica model (OH),Si,O,,. Changes in the environment of the
silicon and aluminium framework atoms with a2 given Si/Al ratio genemate new different acid sites. The validity of
Loewenstein’s = Al-O-Al= avoidance rule is confirmed but Dempsey’s =Al-0-8i—0-Al= avoidance rule does not hold
with double four-membered ring aluminosilicate {D4R). The proton affinity (PA) of the silica model (OH),5i,0,, at
BLYP/6-31G " are evaluated to be 1403 4 15 kJ/mol which is in good agreement with the experimentally observed value
of 1390 + 25 kJ /mol. Proton affinities of Bransted hydroxyl groups in H forms of zeolites associated with different Si/Al
ratios indicate that the higher the ratio, the less the proton is constrained which results in a stronger acid strength. Cations are
found to have profound effects on the structure and bonding of zeolite clusters. The H ion has a strong perturbation on the
important parameters i.e. $i-0O, Al-0, OH bond lengths while the Li(T) has 2 modest effect. The PA of the Brensted OH
groups in the zeolitic frameworks interacting with their cations are 1272.4 and 1279.3 kI /mol for H,{OH); Al,5i,0,; and
LiH(OH) Al,Si,0,,. respectively, which correspond with decreasing bond lengths of the OH groups. These results indicate
that the acid strength of the OH groups within the zeolitic framework is also determined by the presence of cations, in
addition 10 compositional and structural effects.

1. Introduction important applications, such as adsorbents and cata-
lysts [1-10L

The performance of zeolitic catalysts depends on
the framework composition (the Si/Al ratio} and the
framework topology (the environment of the Si and
Al atoms).

The widely utilized primary building unit [11-15]
H;SiOHAIH ; is too limited to investigate the effects

* Comesponding author. mentioned above. The two-site binding model of

Zeolites are porous frameworks of crystalline alu-
minosilicates with a number of interesting physical
and chemical properties. The hydroxyl groups in
zeolites are of primary significance for the catalytic
properties and have led to numerous industrially

0301-0104 /96 /$15.00 Copyright © 1996 Elsevier Science B.V. Al nights reserved.
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H,Si-OH-Al(OH),-O-SiH, [16-21], which can be
employed for studying the details of interaction with
the adsorbed molecules ie. H,0, NH, and methanol
still involves two 5i tetrahedra and only one Al
tetrahedron. Important information of the nature, the
strength and the number of acid sites is limited if a
small cluster is employed for modelling.

Extension of the cluster model from H,SiOHAIH,
over H;SiOHAI(OH),08iH, to more realistic mod-
els of double four-membered rings (D4R) should
therefore permit us to investigate the cationic and
compositional effects on the surface structure of
zeolite aluminosilicate catalysts.

Recently the density functional theory (DFT} has
been employed to investigate various chemical sys-
tems [22-27). Not only does it require much less
computational effort, but also the DFT results are
very encouraging when compared with high level ab
initio calculations and more reliable experimental
data [27): This leads to the utilization of DFT ap-
proaches for large chemical systems. ’ ‘

To the best of our knowledge, no systematic
investigations of the cationic, structural, and compo-
sitional effects on the structure and bonding of ze-
olitic cluster models have been carried out by DFT
employing both local (LSD) and non-local density
(NLSD) approximations. In addition to the DFT
calculations, smaller models have been studied at HF
and MP2 levels.

2. Methods and computational details

Full geometry optimization of the zeolitic cluster
models H,SiOHAIH,, H,SiOHAI(OH),~-0SiH,;, as
well as the more realistic models of double four-
membercd rings (D4R: (OH),S1,0,,, (OH),Si,
AlOXO0,,, (OH),SicAl,OHXO,,, (OH),SiAlH,
0,,, where X represents H* and Li”, was carried
out with the density functional theory methods.

All density functional computations were carried
out by the DGAUSS program [28] implemented to
run on the Cray-YMP EL98 at the NECTEC High
Performance Computing Center.

Two different exchange correlation functionals
were selected for this investigation, namely the LDA
and BLYP functionals. For local density approxima-
tion (LDA) we employed the Vosko—Wilk—Nusair

(VWN]) correlation function [29]. It is generally be-
lieved that the VWN potential represents one of the
best analytical functional forms currently available
for LSD potentials. Gradient-type corrections have
been included self-consistently using the non-local
functions of Becke exchange [30} and the Lee, Yang
and Parr [31] correlation (BLYP). Studies [32,33]
have shown that these functionals yield harmonic
frequencies with mean absolute errors less than those
of MP2 and produce respectable geometries.

All cluster models mentioned above have been
computed with 6-31G* basis sets. Additionally, to
minimize the basis set superposition error (BSSE)
and to improve the quality of valence orbitals, the
recommended LSD-optimized orbital basis sets [34]
were also employed. The following orbitals were
employed: (41) for the hydrogen atom, (621 /41 /1)
for the-oxygen atom, and {6321/521 /1) for Si and
Al atoms. The following auxiliary basis sets were
used: [4] for the hydrogen atom, [7/3/3] for the
oxygen atom, and [9/4/4] for Al and Si atoms.
These LSD-optimized orbital basis sets can be con-
sidered as double-zeta split valence plus polarization
(DZVP) basis sets.

For the ab initio calculations we employed the
TURBOMOLE program, which is based on the di-
rect SCF method of Almloef et al. [35-37]. The
two-electron repulsion integrals are recomputed when
needed, rather than being kept. In order to obtain
zeolite structures at a (more reliable) higher level of
theory some models, e.g. the primary building unit
H,S8iOHAIH,, are also evaluated at the correlated
level of theory. Geometry optimization was termi-
nated when the gradient norm with respect to the
internal coordinates was less than 107° E,a5'. The
energy change was then below 5 1078 E,. All
SCF and MP2 calculations were carried out on the
HP 700 cluster at the Laboratory for Computational
and Applied Chemistry at Kasetsart University.

3. Results and discussion

3.1. Comparison of density functional theory and
post-Hartree— Fock results with experimental results

The different types of =Si—-O(H)-Al= units in
the double four-membered ring of the zeolite frame-
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Tabie |
Optimized parameters for H,8iOH, H,SiOSiH, and H,S5iOHAIH, at various methods
Model Method Basis Si-0 Al-O O-H Si-0-Si 5i-0-Al Si-0O-H
set {pm) {pm) {pm) {deg) (deg) (deg)
H,Si0OH BLYP 6-31G" 168.2 - 9.7 - - 1143
631G i67.3 - 97.0 - - 1i8.6
DZVP 168.6 - 978 - - 116.0
VWN 631G ° 165.8 - 976 - - 115.1
6311G" 164.9 - 96.8 - - 119.6
DZVP 166.1 - 977 - - 117.0
MP2 6-31G* 167.2 - 96.9 - - 116.4
6-311G" 165.5 - 95.6 - - 121.7
HF 6-31G" 164.7 - 94.6 - - 119.0
63NG* 163.6 - 93.7 - - 1242
CPF extended * 165.0 - 95.8 - - 117.7
H,Si0SiH, BLYP 6-31G" 166.7 - - 148.4 - -
6-31G”° 166.4 - - 150.0 - -
DZVP 167.5 - - 1403 - -
VWN 6-31G* 1650 - - 137.8 - -
&3IGT 165.1 - - 1321 - ' -
DZVP 164.7 - - 149.1 - -
MP2 631G ° 166.0 - -~ 143.7 - -
631G~ 164.3 - - 155.7 = -
HF 631G 162.7 - - 166.4 - -
6-311G" 162.0 - - £80.0 - -
CPF extended * 164.8 - - 151.6 - -
H,SiOHAIH, BLYP 631G° 173.4 207.1 979 - 127.6 L1169
6311G” 1731 207.0 971 - 127.0 119.2
DZVP 173.4 2109 98.2 - 131.0 115.7
VWN 631G 171.2 1998 98.1 - 121, 1169
6-311G* 170.2 189.4 97.1 - 125.1 121.2
DZVP 171.4 2018 082 - 1219 117.7
MP2 631G* 1728 2026 973 - 1233 116.5
6-311G* 171.5 200.6 26.0 - 123.8 - 118.7
HF 631G" 170.6 202.2 5.1 - 126.7 117.6
6-311G* [69.9 201.5 94.2 - - 126.2 [18.9

* w [8s,5p,3d,11/45.2p).

Table 2 . i
BLYF optimized parameters computed for H,SiOAIH;, H,SiOHAIH,, H,SiOHAKOH),08iH; and D4R cluster models and their
complexes with ions

BLYP/6-31G*

System Si-0 (pm} Al-O (pm) O-H (pm) Al...H{pm} Si-0-Al (deg) $i~O~H {deg)
H,Si0AH; 163.0 184.5 - - 127.1 -
H;SIDHAIH, 173.4 207. 97.9 2582 127.6 116.9
H;SiOLIAIH, 167.5 190.6 178.5° 1703 128.6 1423
H,5i0HAKOH),08iH, 173.4 1953 97.8 251.6 124.1 121.8
H,SiOLIAKOH), 0SiH, 167.3 1860 126" 2583 1248 146.2
H(OH), AlSi,0,, 17L.9 1946 98.2 248.9 131.0 116.1
H,(DH), Al;5i,0,, (a) 173.3 193.7 98.2 248.9 1310 116.1
H,(OH), Al,5i 0, (b) 175.5 194.0 98.4 240.8 137.2 116.1
H,(OH), A1, Si 0, (c) 1698 1998 98.4 2476 133.4 119.3
LiH(OH), Al, 51,0, 172.8 194.1 98.1 248.4 131.2 116.6
H (OH), Al,51,0,, 176.4 191.4 98.1 2470 1324 113.6
* =LiD...0.
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Table 3
VWN optimized parameters computed for H,SiCAIHT, H,SIOXAIH;, H, 5iOXAKOH),08iH,, D4R cluster models and their complexes
with ions

VWN /631G "
System Si-0 AlI-O 0-X Al...H Si-0-Al Si-0-H
{pm) (pm) {pm) (pm} (deg) (deg)
H,SiOAIHS 161.2 180.9 - - 1254 -
H,SiOHAIH, 171.2 199.8 98.1 245.2 1211 116.9
H;SiOLIAIH, 1658 186.5 176.2 " 2501 127.6 142.9
H,SiOHAKOH),08iH, 170.8 188.9 97.8 245.2 1222 124.1
H,SiOLIAKOR),08iH, 165.2 182.1 1791 2548 119.4 150.8
H(OH), AlSi, 0y, 168.6 189.2 98.4 243.0 1299 i18.8
H,(OH); AL,Si,0,, (2) 169.7 188.6 98.4 2436 130.3 7.0
H (OH), A}, 51,0, (B) 1705 186.9 98.4 241.8 130.4 117.4
H,(OH), Al 5i,0,, () 166.3 1917 9.6 226.5 1344 127.9
LiH(OH), AL, 5i,0,, 169.4 188.6 98.3 2425 130.4 118.1
H (OH); ALSI O,y 1725 186.2 98.3 2407 132.8 1153
' =L¥D...O.
Table 4
Computed OH bond lengths and proton affinities (kI /mol) at BLYP for the zeolite cluster models
BLYP
System Basis set rou (pm) qu lgo - au! PA (K] /mol)
H,SiOH 6-311G* g1.0 0.405 0.294 1520.4
H,SiOHAISTH, 6311G" 97.1 0.454 0372 1307.9
H,SiOHAKOH), 0SiH, 6-311G* 97.0 0.466 0.395 1316.2
(OB)Si40,, 631G 97.7" - - 1403.1
H(OH), A),5i,0,, 631G" 98.2 0.477 0.333 1249.1
H,(OH), Al;Sis Oy, (2) 631G* 98.2 0.475 0333 12724
H,(OH), AL, Si,0,; (b) 631G " 98.4 0.475 0.335 -
H,{OH) Al,8i,0),; (¢} 631G* 98.4 0.476 0327 -
H (OH}, Al Si 0y, 631G" 98.1 0.458 0.318 1285.2
LiH(OH){ AL, 81,0, 631G° 98.1 0.474 0.332 12793

' = terminal hydroxyt groups =SiOH.

Table 5

Computed OH bond lengths and proton affinities (kJ /mol) at VWN for the zeolite cluster models

VWN

System Basis set rou (pm) 9y lo-qul PA (&J /mol)
H,SiOH 6-31iG* 96.8 0.434 0317 1495.2
H,SiOHAISIH, 6-311G* 97.1 0.487 0.396 12827
H,SiOHAKOH),08iH, 6-311G* 97.2 0.498 0.413 1296.9
(OH),Si, 0y, 631G 975" - - 14132
H(OH), Al1,5i,0,, 631G 93.4 0.504 0.351 1233.6
H,(OH); Al ;5i,0,, (a) 631G 98.4 0.503 0329 12558
H,{OH); Al,8i,0,, (b} 631G 98.4 0.502 0329 -
'H,{0H), AL, 51,0, () 6-31G* 91.6 0.498 0.318 -
H (OH}, AL, Si,0,, 6-31G" 93.3 0.499 0.330 1265.8
LiH(OH), A, 81,0, 6-31G" 93.4 0.501 0.327 12414

' = terminal hydroxyl groups =SiOH.
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works with different Si /Al ratio computed using the
DFT/BLYP and DFT/VWN methods are docu-
mented for the first time in Tables 1-5, and illus-
trated in Figs. 1-4. In order to compare the reliabil-
ity of the DFT structure the highly symmetrical
model compound H,Si,O,, was fully optimized at
the SCF/DZP level of theory and the results were
compared with the more reliable experimental data.
In addition to various isomers of the D4R model
clusters the smaller models H;5i0H, H,Si0S8i0H,,
H,SiOHAIH,, (OH),SiOHAKOH);, H,SiOAl
(OH),-OHSiH, are also included at the SCF, DFT
and MP2 methods.

The comparison of the geomeiry of the smalier
zeolitic models between the DFT (Becke-Lee-
Yang—Parr and Vosko—Wilk—Nasair) and MP2 re-
sults agrees with 1 pm for Si~O and O-H, while the
weaker Al-O bond lengths agree with 2—-4 pm de-
pending on the exchange-correlation potential em-
ployed. The Si-O(H)-Al, Si-O-H, and Si-O-Si
parameters are in good agreement with MP2. The
flexible Si-O-Si angle of H,SiOSiH, is well repre-
sented by BLYP but not by VWN, the latter giving
angles 12° and 18° smaller than MP2 and coupled
pair functional results, respectively. This suggests
that BLYP should be employed for a silica model.

For (OH);Si;0,,. Fig. la, the calculated values
of r(Si-0) and £Si-0-8i are 165.1 pm and 140.1°
for BLYP/6-31G", 1628 pm and 137.2° for
VWN/6-31G*, and 1628 pm and 160.6° for
SCF/DZP levels of theory. All DFT structures are
in reasonable agreement with the experimental data
(r(5i-0) = 161.9 pm and £ 8i—-0-5i = 148° [38]).

Considering the D4R model H{OH);Si,AlQ,,,
Fig. 1b, it is clearly seen that the unperturbed bridg-
ing hydroxyl unit, (OH),SiOHAI(OH), is a better
mode! than the widely employed H,SiOHAIH, (Ta-
ble 1). The smallest model yields an Al-O(H) bond
length that is 12.4 pm too long, as compared with the
D4R. There is a major difference between the D4R
and the unperturbed models in the OH bond length.
The D4R is more acidic than the unperturbed mod-
els, which is partly due to the larger SiOHAI angle
of the former (131.1° versus 120.2°). Unfortunately,
at present we cannot perform calculations at the
6-311G* level of theory for our largest model of
H(OH),Si, AlO,, since this would take too much
computer time. Thus, we have to rely on the 6-31G*°

Fig. 1. Composition and variation of D4R with varying Si/Al
ratio calculated at BLYP/6-31G* and VWN /6-31G " (values in
parentheses). {a} (OH),Si,0,,, (b) H(OH);Si,Al0,, and (¢}
H,(OH),5i,Al,0,,.
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results to estimate the changes of the selected param-
eters i.e. 8i-0, Al-O and OH bonds on expansion of
the {OH),SiOHAKOH), to the H(OH}Si,AlQ,,
model. The results obtained for (OH},SiOHAI(OH),
with the 6-31G " basis set indicate that r(Al-O(H))
is lengthened by 0.8 pm and r(Si—O(H)) and r{O-H)
are contracted by 0.9 and 0.8 pm, respectively, upon
expanding the basis set from 6-31G™ to 6-311G".

Fig. 2. Predicted local structure of Linde-type A zeolitic catalysts.

Eref = 81 kimal
©31 kWmal

Eret = 00  kJmol
0.0} ¥ymo!

Eey = 615 kymol
156.3) klimot

Fig. 3. Relative isomer stability of D4R within given Si/Al ratio
(6/2) calculaed at BLYF/6-31G" and VWN /6-31G " (values
in parentheses).

Using this systematic change in bond lengths (Table
1), the local structure of H(OH),Si,AlQ,, can be
reliably predicted (Fig. 2). The predicted results can .
be compared with the closely related experimental
results observed by Feher et al. [39] {r(Si-0) = 165.2
versus 161.8 pm and r{Al-O) = 179.5 versus 174.5
prm). '

Further support for the reliability of the =Si-
OH-Al= subunits by our calculations is given from
NMR studies. Klinowski et al. have estimated the
internuclear distance between aluminium and proton
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Fig. 4. Cationic effects on the catalytic acid sites of D4R caleu-
lated at BLYP/6-31G"* and VWN /6-31G * (values in parenthe-
ses). {a) F{OH),Si, AlLOp, (b) LiH(OH)ySigAl, O, and (c)
H,(OH)Sig Al,O,,.

nuclei in a Bronsted acid site, r(Al-H), of H-fauja-
site [40] and H-ZSMS {41] to be 2380 + 4 and
2450 + 4 pm, respectively, whereas our computed
r(Al-H) distance is 243.0 pm.

Tables 3 and 4 also show another important pa-
rameter, the r{O-H) distance which is of prime
importance for catalytic properties. From neutron
diffraction studies of the acidic faujasite, Cheetham
et al. [42,43) have determined the OH distance to be
100 + 20 pm, whereas our predicted value is 97.0 + 1
pm. The result of lattice energy minimizations is also
found to be as large as 100.0 pm. Such an unrealistic
deviation is partly due to the Morse potential used in
the simulation as already noted by Schroder et al.
[44]).

In order to observe changes in the structure and
bonding on going from the anionic framework site
[(OH),Si,Al0,,]- to the Brensted acid site
(H(OH),Si,AlO,,), the anionic framework was also
computed. Removal of a proton from the protonated
D4R strengthens the Si-O -and Al-O bonds (171.9
versus 160.0 pm for Si-O and 194.6 versus 178.5
pm for Al-0O). The Si—-O-Al angle {138.4°) in the
deprotonated D4R is larger {by 7.3°) than that at the
bridging hydroxyl site (131.1°). The average Al-O
bond length of the four Al-O bonds of the deproto-
nated D4R was calculated as 177.3 pm whereas for
the protonated D4R it was found to be 179.5 pm,
which can be compared with the available experi-
mental value of 174.5 pm found by X-ray diffraction
measurements of the zeolite [45].

3.2. Proton affinities

Proton affinities of Brensted hydroxyl groups in
zeolites can be used as a basis for investigating the
role of both composition and structure in describing
the activity of catalysts in catalytic processes.

We can evaluate the performance of the DFT
procedure in predicting gas phase proton affinities by
comparing with highly reliable theoretical values of
G1 and coupled pair functionals and experimental
results. All calculated proton affinities for different
cluster models are documented in Tables 4 and 5.

Silanol. The calculated VWN/6-311G" and
BLYP/6-311G" proton affinities are evalvated to
be 14952 and 1520.4 kJ/mol. It can be seen that
NLSD performs perfectly well at the BLYP/6-
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311G" level, which is in good agreement with the
CPF (1521 kJ/mol) [46] and G1 (14903 kI/mol)
(47,48] results.

Octanuclear silsesquioxanes {cf. Fig. 1a). The
calculated BLYP/6-31G" and YWN/6-31G " pro-
ton affinities of (OH),Si;0,, are evaluated to be
1403.0 and 1413.2 kI /mol which is in good agree-
ment with the recent experimental result (1390 + 25
kI /mol) [49). As can be seen that the calculated
proton affinity of the most widely employed model
H,8iQH does not well represent silica which yields
over 100 kJ /mol above the observed data. Thus the
double four-membered silicate ring is highly recom-
mended for studying the protonation process of a
surface silica.

Zeolite. The result of the proton affinity for the
H,SiOAIH; molecule with BLYP/6-311G" is en-
couraging. The MP2/6-31G" proton affinity yields
a virtually identical value to the less expensive BLYP
result (1307.9 (MP2)) (see Table 4).

For H,;SiOHANOH),0SiH; BLYP/6-311G*
yields a 2 kJ/mol lower value than MP2/DZP [50].
This agreement reflects the similar computed OH
bond lengths at both levets of theory (96.8 pm (MP2)
versus 97.1 pm (BLYP)). It is also important to
study the dependence of proton affinities on the
employed cluster models. On expanding the model
cluster from H,SiOHAIH, w H,;SiOHANOH),~
OSiH;, the proton affinities are decreased by 14 and
8 kJ/mol with VWN and BLYP procedures, respec-
tively.

For the largest model of our work, the proton
affinities are calculated to be 1233.6 and 1249.1

kJ/mol with LSD and NLSD, respectively. Using -

the systematic deviations between BLYP/6-311G*
and BLYP/6-31G"*, our predicted value is estimated
1o be 1234 kJ /mol, which is in the range of experi-
mentally determined values of 1192 + 29 kJ/mol
[49].

Proton affinities of three types of Brensted hy-
droxyl groups in H forms of zeolites associated with
different Si/ Al ratios are also determined, Tables 4
and 5, (i) H(OH),Si,AlO,,: (PA) = 1249.1 kI /mol,
(ii) H,(OH),-SigAlLO,,: (PA)=1272.4 kI/mol,
(ii) H(OH),Si,A1,0,,: (PA)= 12852 XJ/mol.
The higher the Si/Al ratio, the less the proton is
constrained which results in a stronger acid strength.
These results indicate that the proton affinities are

proved to be dependent on the composition (Si/Al
ratio) and the structure (distribution of the =Sj—
OH-Al= groups) in the zeolite framework.

3.3. The structural and compositional effects on the
properties of zeolites

H(OH); 51, AlQ,,, 1b, with one catalytically ac-
tive bridging hydroxyl group represents the **high”
Si/Al zeolite corresponding to a ratio of 7. The
Si-O(H), Al-O(H), and OH bond lengths at
BLYP/6-31G~ (VWN/6-31G") are evaluated to
be 171.9(168.6}, 194.6(189.2), and 98.16(98.42) pm,
respectively, where the values in parentheses are
obtained at the VWN/6-31G " level. In this model
the AI-O(H) bond is 0.7 pm shorter, the Si—O(H)
bond 1.5 pm shorter, the OH distance is 0.36 pm
longer, and the Si—-O(H)-Al angle is more than 7°
larger than in H,S8i—-OH-AKOH),-OSiH,. This
smaller cluster is widely employed as a two-site
binding model when better methods and larger basis
.ets can be used. Compared with
H (OH),Si, Al,0,,, 1, with four Bransted acid sites
representing the “‘low™ Si/Al zeolite (Si/Al=
4/4), the Si—-O(H) distance in the *‘high™ Si/Al
zeolite is shorter by 4.5 pm, whereas the Al-O(H)
bond length is longer by about 3.2 pm (Table 2). The
net charge on the H proton, g4, in compound b is
about 0.019 higher than in compound 1e¢, in accor-
dance with the larger OH distance of the former as
compared to the latter. These data indicate that
H(OH);Si;AlQ,, is more acidic than H(OH),
Si,AlO,;. We note that absolute values from Mul-
liken population analysis are not very reliable, and
are also basis set dependent [51]. However, compari-
son with closely related structures will give us cer-
tainly a very meaningful value.

H,(OH),S8i AL, 0y,, 3, with three isomers (3a,
3b, and 3c) is found to be a useful cluster model for
structural investigations. Isomer 3a can be viewed as
the structure with the largest Al... Al distance in the
double four-membered zeolite ring. The calculated
energy of this isomer is 8.1 kJ/mol less stable than
that of the isomer 3b, in which two Al atoms are
located in the same four-membered zeolite ring.
Similar resuits for high-silica faujasite is also ob-
served by Schroeder et al. [52] and Limitrakul et al.
[53], which is in contradiction to Dempsey’s rule
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{i.e. an increased stability of the Al-0-S5i—0-Al
linkage in a zeolite framework structure). Using the
relative stability of these isomers, the well known
Loewensiein’rule, which states that two tetrahedrally
coordinated aluminium atoms will not locate adja-
cent to each other (=Al-0-Al=), 3¢, has been once
again confirmed by us. Results of all the three
isomers considered here show that the effects of
local environment (other than chemical contents) are
explicitly included.

~ On the basis of the charges on the hydroxyl
proton, the OH bond lengths, the ionicity of the OH
bonds and the proton affinities (see Tables 4 and 5),
the Brensted acidity is proved to be dependent on the
number of aluminium atoms and the different envi-
ronment of the =Si—OH-Al= groups in the zeolite
framework.

3.4. Cationic effect on structure and bonding of
zeolites

The selected geometrical parameters, proton
affinities, charges on protons, bridging OH bonds of
the H,(HO), Al,8i,0,, and LiH(HO),-Al,Si 0,,,
zeclite clusters are given in Tables 2-3, and illus-
trated in Fig. 4. Comparison of H* and Li* cations
indicates that the Al-O bond is lengthened by 15.9
and 3.5 pm for H* and Li* ions complexes, respec-
tively. The Si~O bond is also weakened: it is about
12.6 pm for H,(HO),Al,Si,0), and 3.9 pm for

LiH(HO), Al,Si¢O,,. The Al-O-Si bridging angles -

are more bent in H,(HO);Al,SicO,, than in
LiH(HO), Al,Si0,, (131.0° versus 132.9°). The OH

bond is evaluated 1o be 98.1 pm whereas the O...Li -

bond is 182.0 pm. The marked difference between
these cations is that the H* is singly bonded while
the Li* is doubly bonded to the zeolitic framework
siructure.

The proton affinities of Bransted OH groups in
the zeolitic framework are 1272.4 and 1279.3 kJ /mol
for H,(HO);Al,5i¢0;, and LiH(HO),Al,Si,O,,,
respectively, which corresponds with the decreased
OH bond lengths (see Tables 4 and 5). These results
indicate that the acid strength of the OH groups
within the zeolitic framework is also determined by
the presence of cations, in addition to the composi-
tional and structural effects mentioned in Section
3.3; thus, the acid strength depends on the amount of

electron density transferred from the anionic frame-
work to the cation which balances its negative
charges.

4. Conclusions

The cationic, structural and compositional effects
on the structure and bonding of different types of
=8i-OH-Al= units in the secondary building unit
of zeolite cluster models (OH)H Al Si;_ -
0,577 (x, y=0, 1, 2, 4) and the silica model
{OH),Si,0,, have been investigated with the DFT
method, Full optimization of all mentioned structural
isomer clusters have been camried out at VWN /6-
31G* and BLYP/6-31G". All isomers of the dou-
ble four-membered ring aluminosilicate (D4R)
demonstrate that Dempsey’s rule may be violated in
this type of zeolite. The well-known Loewenstein’s
=Al-O-Al= avoidarice rule has been once again
confirmed by us. The results of D4R with varying
Si/Al ratic indicate that the higher the ratio, the
lesser the preton is restricted which results in a
higher acidic strength.

The cations, H* and Li*, are found to have a
profound effect on the important structural parame-
ters {Si—-0, Al-0, O-H bonds and SiOHAI angle) of
D4R. The marked difference between the cations is
that the H* is singly bonded while the Li* is doubly
bonded to the framework. This excellent results indi-
cate that the catalytic activity of zeolites is also
enhanced by the presence of cations, in addition to a
compositional effect.
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Abstract

The structures and the potential energy surface of the system faujasitic zeolite /water have been investigated by
Hartree~Fock, second-order Moller~Plesset (MP2) and by the density functional theory (DFT) calculations, using five basis
sets 6-31G(d), 6-31G(d,p), 6-311G(d), 6-311G{d,p} and 6-311 + G(d,p). The DFT calculations employ the Becke-3—Lee—
Yang-Parr (B3LYP) and Becke—Lee-Yang—Parr (BLYP) density functional, and, for comparisons, the local density
approximation with the Vosko—Wilk—Nusair (VWN) functional. The B3LYP approach is found to yield better agreement
with the corresponding experimental results than the VWN and BLYP functionals. The B3LYP and MP2 levels of theory
yield basically the same results. Results of B3LYP with a 6-311 + G(3df,2p) basis sct arc also very close to those of the very
accurate coupled pair functional (CPF) method. Also proton affinities (PA) computed by B3LYP reproduce the correspond-
ing CPF and G1 results very well. The predicted PA of faujasitic catalyst is estimated to be 294 + 3 keal /mol, which is in
the range of the experimentally determined value of 291-300 kcal /mol. The interaction of faujasite catalyst with water has
revealed that the structures can be stabilized by the formation of two hydrogen bonds with water molecules adsorbed at the
bridging hydroxy! groups which can act either as a proton acceptor or as a proton donor. Comparison of the faujasite
complexes with silanol and hydrogen halides has demonstrated that the faujasitic zeolite is a strong acid. The potential
energy surfaces of faujasite zeolite /water has been investigated and analytical interaction potentials have been derived.

1. Introduction

Zeolites are microporous materials widely investi-
gated for their numerous industrially important appli-
cations, e.g. as sorbents, catalysts, and molecular
sieves [1-8]. The zeolitic framework structures of
crystalline aluminosilicates present regular cavities

* Corresponding author.

and open channels of molecular dimensions which
allow molecular probes to interact with the Brgnsted
acidic sites. Their catalytic property of zeolite is
involved with the site originating from bridging hy-
droxyl groups in zeolitc catalysts.

For understanding the catalytic processes [9-18]
it is of prime importance to know the structure and
properties of Brensted acidic sites, as well as the
potential energy surface of the adsorbate/zeolite
system.

0301-0104 /97 /$17.00 Copyright © 1997 Elscvier Science B.V. All rights reserved.
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Density functional theory (DFT) has been increas-
ingly exploited to study various chemical systems
f19-24). Requiring less computational effort, DFT
results compare well with high level ab initio calcu-
lations and reliable experimental data. The quality of
DFT results is determined largely by the density
functional employed. The Becke-3—Lee-Yang—Parr
{B3LYP) functional, recently introduced by Stephens
et al. {25], a modification of the BLYP functional
[26], is often regarded as one of the best available
choices. Bauschlicher and Partridge [27], and other
groups [28] have demonstrated that this density func-
tional can be employed to yield accurate results
about molecular structures, atomic energies and har-
monic vibrational frequencies for a large set of small
molecules. To the best of our knowledge, no system-
atic investigations of the faujasitic zeolite properties
have yet been performed with this functional.

In the present work, the catalytic properties of
zeolites have been investigated for the first time via
DFT employing B3LYP and the basis sets ranging
from 6-31G(d), 6-31G(d,p), 6-311G(d), 6-311G (d.p),
1o 6-311 + G(3df,2p) with the aims of: (a) compar-
ing the changes in structures and bonding on going
from the smallest possible model to the more realis-
tic cluster models; (b) determining the influence of
the structure on the catalytic properties of zeolites;
(c) predicting a local solid acid catalyst site of
zeolite and comparing the structural parameters with
available experimental data; {d) obtaining the poten-
tial energy surface of system zeolites/water and (e)
investigating the effects of the size of the basis set.

2. Methed and models

We employed different ciusters, AlSi G, H,,,
ANOSiH,) H, H,SiOHAIH, and H,SiOH, illus-
trated in Fig. 1b-e, as the representative models of
zeolites, We consider that to simulate the local
framework of these clusters correctly, at least four
silicon atoms and one aluminium atom have to be
included in the model clusters. In the model em-
ployed, the dangling bonds of ‘surface’ oxygen atoms
are saturated by hydrogen atoms. The AKOSiH,),H
cluster, denoted as ‘cluster C” (Fig. 1c¢), represents
the active acidic site of zeolite. In this model the
dangling bonds of the Si atoms are terminated by H

Faujasite model : cluster B cluster C
AlSiyg0q,Hy7 (H3SiO) AlH
d e
HgSiOHAIH, H,SiOH

Fig. 1. Cluster models of faujasite zeolite.

atoms with a fixed Si~H bond length of 1.487 A,
and the Si—H bonds are aligned with the correspond-
ing Si—O bonds of the structure of faujasite [29]. The
local active site structure has been achieved by al-
lowing the AYO H unit to relax, while the remainder
SiH, groups are being fixed. In order to observe the
effect of full relaxation, this cluster is compared to
its fully optimized AOSiH,),H structure.

The AlSi,O,,H,, cluster, denoted as ‘cluster B’
(Fig. 1b) consists of three four-membered rings
(4MR) and one six-membered ring {(6MR), represent-
ing the ‘high’ Si/ Al zeolite(Si /Al = 10). This clus-
ter can also be exploited to investigate the structural !
and compositional influences on the catalytic proper-
ties of faujasite.

Full geometry optimization of the mentioned clus-
ter models was carried out with the DFT methods
employing the B3LYP density functional. Again the
basis sets 6-31G(d), 6-31G(d,p), 6-311G(d), 6-
311G(d,p). and 6-311 + G{(3df,2p) were used. Addi-
tionally, calculation with the Becke—Lee—Yang—Parr
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(BLYP) [26] and Vosko—~Wilk—Nusair (VWN) [30}
functionals were performed for some models. All
density functional computations were carried out us-
ing the program Gaussian-94 {31].

For the HF calculations we employed the TUR-
BOMOL code [32,33] which is based on the direct
SCF method of Almloef et al. {34]. In order to obtain
the more reliable structures of zeolites, the correlated
calculations were also included for the smallest
model. Geometry optimization was terminated when
the gradients norm with repect to internal coordi-
nates was less than 1073 E, /a,. The energy change
was then below 5 X 107% an

The computations were carried out using an SGI
power challenge XL computer at the Innsbruck Uni-
versity computing center, and DEC AlphaStation
250/4 266 and HP 9000/700 workstations at the
Laboratory for Computational and Applied Chem-
istry at Kasetsart University.

3. Results and discussion
3.1. Structures

~ Table 1 illustrates the results for H,SiOH and
H,COH structural parameters computed at different
levels of theory. It is clearly seen that B3LYP den-
sity functional results are superior to the BLYP and
VWN. The B3LYP and MP2 levels yield basically
the same results, the B3LYP/6-311 + G(3df,2p) is
also very close to the most accurate CPF [35] struc-
ture given in Table 1.

Table 1

3.1.1. Silanol

B3LYP bond lengths invoiving bridging CH are
virtually identical to CPF [35] value (cf. Table 1).
For the Si—O bond length again B3LYP yield an
excellent value to CPF, while the corresponding
value at the BLYP level is about 0.02 A to0 long.
Si~-O-H bond angles calculated with all DFT ap-
proaches compare well with MP2 and CPF data.
Again a good agreement takes place for its amon
H,8i07, where BILYP values of Si-O = 1.580 A,
Si-H=1.531 A and O-Si-H=117.1° are com-
pared to the CPF values of 1.563, 1.529 and 117.3°,
respectively. The same trends are also observed for
methanol (cf. Table 1).

3.1.2. Zeolite

The extension of 6-311G(d)} basis set with the
polarization functions on the hydrogen atoms influ-
ences the B3LYP structure only slightly. The O-H
8i—0, and Al-O bonds differ by less than 0.001 A
the SiO(H)Al and Si-O-H bond angles differ by
about iess than 0.5° (Table 2). These results indicate
that the B3LYP structural parameters are converged
for the cluster C, ANOSiH.),H at B3LYP/6-
311G(d) level of theory and the extension of the
basis set will not lead to different structure results.

Comparing the clster C, AI(OSiH,), H, with the
widely employed model cluster, H,SiOHAIH (Ta-
ble 2), it is clearly seen that the smallest model
yields an Al-O bond length that is too long. On
increasing the levels of basis set from 6-31G(d) to
6-311G{d,p), the Al-O and Si—O bond lengths of
the cluster models increase, as tabulated in Table 2.

Optimized parameters for the molecular models of H,SiOH and H,COH at different levels of theory with the 6-311 + G(34df.2p) basis set

(bond distances in A, bond angles in degrees)

Method H,Si0H H,COH
sio Tou £gi0-n rco Yon Le_aom ‘

HF 1.630 0.937 i21.4 1.398 0.938 110.3
VWN 1.644 0.967 i189 1.400 0.969 109.2
BLYP 1.673 0.968 118.2 1.439 0.971 10B.5
B3LYP 1.654 0.958 1193 1.421 0.960 109.1
MP2 1.655 0.957 118.6 1.418 0,959 i0B.5
CPF* 1.650 0.958 117.7 1.419 0.959 i0B.1
Expt. - - - 1.421 0.963 108.1

* 6s. Sp, 2d, If/ 5s, 3p, 2d, 1f/ 35, 2p basis set.
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The results obtained with 6-311G(d,p) basis sets
show that the Al-O bond lengths is contracted by
0.11 A, while the S-O bond length is lengthened by
0013 A upon expanding the model cluster from
H,SiOHAIH ; to ANOSiH;),H.

Further support for the reliability of using the
cluster C, AKOSiH;),H in computation is given by
the results of NMR studies: the Al...H distance of

H-faujasite has been estimated to be 2.380 + 0.04
A_[36] whereas our computed distances in the fully
optimized cluster C are 2.400 and 2416 A with
6-31G(d) and 6-31G(d,p) basis sets, respectively.
The calculated distances of H,SiOHAIH, are 2.539
A (6-31G(d)) and 2.537 A (6-31G(d,p)).

Table 2 also provides other vital parameters, in-
cluding the O-H distance which plays an important
role in catalytic properties. The hydroxyl O-H bond
length derived from neutron diffraction measurerment
of acidic faujasite [37.38] is 1.000 +0.02 A. Our
O-H bond lengths (Table 2) are in good agreement
with the previously predicted O-H bond distance
[39].

In order to investigate changes in structure and
. bonding on going from the anionic framework site to
Brensted acid site, removal of a proton from the
cluster C, AOSiH,),H strengthens the Si~O(H)

Table 2

and Al-O(H) bonds (1.729 versus 1.602 A for Si-
O(H), and 1.961 versus 1.758 A for Al-O(H)). The
Si-0-Al angle in the deprotonated cluster is larger
by 50.9° than the bridging = SiO(H)-Al= angle
(128.0°). The average Al-O bond length of the four
Al-O bonds of the neutral form was calculated 1o be
1.778 A, whereas the anionic framework it was .
found to be 1.755 A, which is in good agreement
with the available experimental value of 1.745 A
determined by X-ray diffraction study of zeolite [40].
The use of the 6-31G(d) basis set in the DFT predic-
tion of the faujasite structure also yields good results
and will be the basis set of choice in BALYP calcula-
liors on much larger systems.

In order to know more about the nature of
Brensted acid site in Faujasitic zeolite, the larger
cluster with three 4-membered oxygen rings and
6-membered oxygen ring around the active site has
also been included (see Fig. 1b). In this ‘cluster B’
model, we have permitted full optimization of the
site, AIO,H, constraining the rest of the cluster fixed
at the structure of faujasite [29]. In doing so, the
‘cluster B’ can lead to a2 structure that can mimic the
real faujasitic zeolite framework, since full optimiza-
tion of {sub-) structures can some times lead to
wrong results, as noted by Saver [39]. The results

BBLYP optimized geometrical parameters computed for HSIOHAIH,, (510, AlH (cluster C), and AIO,,SijoH,; (cluster B) (distances

, angles in degrees).

System Basis set Tou TsioH) FaloM) Tam Crasogny? Lsi-0-H L siomat
H,SiOHAIH, 6-31G(d) 0.969 1.716 2.037 2.539 - 177 132.2
6-31G(d.p) 0.966 1.715 2.037 2.537 - 118.0 1319
6-311G(d) 0.962 1.714 2.037 2.533 - 115.1 130.9
6-311G(d,p) 0.963 1.715 2.041 2535 - LIRS 1317
6311 + G{d.p} 0.963 1.718 2.048 2.543 - 8T 131.3
AlOSiH,) H* 6-31G(d) 0971 1.732 1.964 2.505 1772 1188 128.4
6-31G{d.p) 0.968 1.731 1.564 2.499 1.772 1192 128.1
6-311G(d) 0.964 1.729 1.961 2.499 1770 1194 1276
6-311G(d.p) 0.964 1.729 1.961 2.499 1.769 119.2 128.0
AKOSiH,),H® 6-31G{d) 0974 1.733 1.948 2.400 1778 117.2 1235
6-31G{d,p) 0.970 1.732 1.947 2416 1.777 H75 123.0
6-3116G(d) 0.962 1.734 1.936 2.556 1774 1184 121.7
6-311G{d.p) 0.963 1.735 1.938 2.561 1775 117.9 121.8
AlSi 0, H,; " 6-31G{d} 0.972 1.729 1.956 2.508 1.773 176 128.8
6-311G(d.p) 0.965 1.726 1.953 2.499 1.770 1179 128.7

* Partial oplimization.
® Full optimization.
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collected in Table 2 show the expected pattern. For
the fully optimized cluster C, there is close agree-
ment between 6-31G{d} and 6-31G{d p) results: bond
lengths differ by about 0.004 A for the O-H bond,
Si~O and Al-O bonds are virtwally equal and Si-
O-H bond angles vary by 0.3°. Comparing the fully
optimized cluster C with its partially optimized struc-
ture, the Al-O bonds of the latter are longer while
the Si-O bonds are slightly shorter than the former.
The 6-31G{dp) calculations of the partiaily opti-
mized structure yields an O-H that is 0.002 A too
short. The comparative results for the optimized
‘cluster C' (Si/Al=4) and optimized ‘cluster B’
having high silica zeolite (Si/Al = 10) demonstrate
the variation of acidity on chemical composition of
Si/Al ratio i.e the acid strength of zeolite increases
with decreasing Al content, which is in accordance
with recent experimental data [41).

Table 3 -

3.2. Proton affinities

Proton affinities (PAs) of Bransted hydroxyl group
in zeolites are considered to be an important feature
of catalytic activity. The performance of the B3LYP
method in predicting gas phase proton affinities is
compared with highly the reliable coupled pair func-
tional method [35] and Gl theory [42,43]). Both
theoretical levels are reportedly capable of predicting
PAs accurate to within Z to 3 kcal /mol. All calcu-
lated PAs at different basis sets for different cluster
models are documented in Table 3.

3.2.1. Silanol

The B3LYP/6-311G(d,p) and B3LYP/6-311 +
G(d,p) proton affinites are found to be 368.6 and
363.7 keal /mol. It is clearly seen that inclusion into
the basis of a single diffuse function on heavy atoms,

OH bond lengths (A), proton affinities (PA in keal/mol) and Mulliken charges of the acidic hydrogens computed with the BILYP for the -

different models

Model

Basis set

PA

Tou In
H,0 6-31G(d) 0.969 431.8 0.3871
6-31G(d,p} 0.965 435.1 0.3049
&3NG{d) 0.962 425.4 0.3987
6-311G(d.p) 0.962 429.2 0.2367
6-311 + G{d,p) 0.962 396.0 0.2529
H,COH 6-311G(d) 0.963 3972 03789
6-311G6(d.p} 0961 401.2 0.2355
H,SiOH 6-311G(d,p} 0.959 368.8 0.2808
6311 + Gla,p) 0.959 363.7 0.2814
H, AIOHSiH, 6-3116(d.p) 0.963 3143 0.3427
6311 + &{d,p) 0.963 3126 03303
ClusterC? 6-31G{d} 0.97) 306.7 0.4768
6-31G{d.p) 0.968 3105 0.3777
6-3116(d) 0.964 304.4 0.4882
6-311G(d,p) 0.964 307.5 0.3568
Cluster C° 631G(d) 0974 303.6 0.4740
Cluster B * 6-31G(d) 0972 300.9 0.4773
6311G(d,p) 0.965 3019 0.3497
H,0* 6-3iG{d) 0.982 173.8 0.5576
6-31G{d,p) 0976 178.2 0.4653
6-311G(d) 0.573 176.1 0.5796
6-311G{d.p} 0.975 176.1 0.4193
6311 + G{d.p) 0.976 170.0 0.4182

* Partially optimized structure.
® Fully optimized structre.
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6-311G{d,p) = 6-311 + G(d,p), yields a significant
improvement in the PA. The DFT performs perfectly
well at the B3LYP/6-311 + G(d,p) level, which is
in good agreement with the CPF and Gl resulis
(363.5 and 363.4 keal /mol).

3.2.2. Zeolites

A nearly linear relationship between the PAs and
the net charge on the proton, ¢, has been derived
for a set of structurally related molecules (HO-H,
H,CO-H, H,5i0-H, H,Si0HAIH,, different types
of zeolite cluster models, and H,0") and is illus-
trated in Fig. 2. As expected, the hydronium cation
yields the lowest PA, while the nonacidic water
molecule provide the largest PA value. Comparing
the PAs of H,SiOH with H;SiO(H)AIH ,, the PA of
the latter is 50.9 kcal /mol lower than the PA of the
former which corresponds to the lengthening of the
OH in the H,SiO(H)AIH;. This results from the
interaction of the Lewis acid, AlH,, with the basic
oxygen site in the Lewis acid-base complex,
H,SiOH...AlH,. The B3LYP/6-311G +(d,p) re-
sult of the PA for [H;SiOAIH,]™ is also encourag-
ing. The deviation from the most accurate G1 [38,39]
is about 2.86 kcal/mol. The MP2/DZ2P proton
affinity yields a virtnally identical value to the less
expensive B3LYP result (312.5 kcal/mol (MP2)
versus 312.6 kcal /mol (B3LYP)).

For cluster C, AI(OSiH,LH, the B3LYP/6-
311G(d,p) calculation yields a PA value of 3075
kcal/mol. It is also important to study the depen-
dence of PA on the employed cluster size. On ex-
panding the model cluster from H,SiO(H)AIH, to

AKOSiH,),H, PA is decreased by 6.8 keal /mol. For -

the largest faujasitic zeolite model, Fig. 1b, the PA is
evaluated to be 301.9 keal /mol. Using the system-
atic deviation between B3LYP/6-311G +(d,p) and
Gl theory, our predicted value is estimated to be
294 + 3 kcal /mol, which is in the range of experi-
mentally determined values of 291-300 kcal /mol
[44,45).

3.3. The interaction of faujasitic zeolite with water

3.3.1. Structures and energetics

Two representative cluster models of water ad-
sorption on zeolites are investigated. In one of these,
the hydrogen-bonded structures are stabilized on the

B3LYP/6-311G(d,p)

PA(calimol)
NN

[ ]
150 1 H,O"
100 # t ¥
0.20 025 0.30 038 0.40 0.45
"
B3LYP/6-311+G(d,p)
450
m -
HeO H,SICH

m L
= @l HAOHSIH;
§ 200
£

250 4+
= ]

200 4

150 HsO*
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Fig. 2. The proton affinities of a set of structurally related
melecules (HO-H, H;COH, H,8i0-H, H,SiOHAIH,, different
types of zedlite cluster models, and H,0% ) as a function of the
net charge on the proton, gy.

bridging OH. The other is a type of protonated
model, in which hydronium cation forms two hydro:
gen bonds towards the unprotonated zeolitic fram-
work. Attempts were made to search for the mini-
mum structure of zeolite cluster model /H,0%. All
investigated cluster models yield only one minimum
as hydrogen-bonded physisorbed water compiexes
regardless of whether the initial framework structure
having H,O or hydronium ion. It is noted that in the
case of ion-pair complexes, an initial structure with a
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Fig. 3. Schematic representation of molecular model for the
cluster C, AI(OSiH,),H/H,0.

hydronium ion is optimized. The OH bond of H,0™*
and the hydrogen bond angle (Q...H-0) in the
complex is constrained at the optimized H,0* and
180, respectively. The final complex can be derived
by removing the fixed internal coordinates from the
former constrained optimization structure. Similar
conclusions to our predicted results have just re-
cently been reported by Sauer et al. {111 Recent
FT-IR [17] and ab initio [24] stdies of H,O adsorp-
tion on zeolite support the direct clear evidence for
the hydrogen-bonded adsorption of water. In the
present study we concentrate only on the most prob-
able hydrogen-bonded models.

The optimized geometry of cluster C with water
(Fig. 3) and the extended model cluster B with water
(Fig. 4) are investigated at the B3LYP/6-31(G(d)
level. The geometric parameters are summarized in
Table 4. The results for the surface complexes clus-

Fig. 4. Schematic representation of molecular model for the
faujasitic zeolite /water.

ter C/water and cluster B /water indicate that the
adsorbed water can act both as a proton acceptor and
as a proton donor. The two hydrogen bonds are part
of a cyclic structure, which have also been reported
at HF/DZP level of theory by Sauer et al. [13].
The changes in the structural parameters of the
faujasitic zeolite upon complexation with water are
impressive. The results are in accordance with Gut-
mann’s rules [46], i.e. a lengthening of the bridging
O-H bond, a shortening of Al-O adjacent to this
bond and a lengthening of Al~O (not adjacent to it).
The intermolecular O...0 distance in the opti-
mized and rigid structure of faujasite /water adducts
{within the O-H... O hydrogen bond) are evaluated
to be 2.605 and 2.555 A, respectively. The con-

Table 4 :

B3LYP oplimized structure paramcters for AKOSiH,),H/H,0 (clusier C, cf. Fig. 3) and faujasitic zcolite catalyst/water (cluster B, cf.
Fig. 4) I
Model /parameter Rigid cluster C Optimized chuster C Rigid cluster B Optimized cluster B

rao 1.961 1.912 1.953 §.90%

Tsio 1.729 1.714 1.726 L1710

Fon 0.964 1.026 0.965 C 024

Toy...0 2.598 2.546 2.605 2555

e 1.685 1.567 1.693 1.581

fo. B 1.933 1811 1.981 1.863

Lar_oosi 128.0 1288 128.7 129.2
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tracted O ... 0O distance of the latter model reflects an
increase of the binding energy (~20.3 versus —22.5
keal/mol). The adsorption energy for the largest
model investigated, cluster B (Fig. 1b) is —20.3
kcal /mol, which is close to the result for the smaller
cluster C (—20.5 kcal/mol, Fig. 1c). The binding
energy of the latter cluster can be compared to the
MP2 result of Saver et al. [11](— 20.3 versus — 18.98
kcal /mol). The heat of adsorption of water with
H-ZSM-5 has been recently obtained by Gorte
[{15][16]]. which is an excellent agreement with our
largest model (—20.4 versus — 20.3 keal /mol).

In order to check the reliability of the calculated
intermolecular O...0 distance of faujasite /water,
the water dimer was also carried out and compared
to the experimental data. The calculated O... O dis-
tance of water dimer is found to be 2.909 A?L, only
0.009 A longer than the corresponding MP2 value
and 0.03 A less than the experimentally determined
value of the O...0O distance [47].

In order to compare the relative acidity with the
other types of hydrogen-bonded systems we have
performed calculations with the same theoretical
model on the systems HF...H,0(-—11.68),
HCl...H,0(—8.94), H,SiOH.. . H,0(~9.52) and
H,SiOHAIH, ... H,0 (~19.24); the values in
parentheses are the hydrogen bonding energies in
kcal/mol. The B3LYP results suggest that in com-
parison with hydrogen halides, the faujasitic
zeolite /H,O system is 2 strong acid.

3.3.2. Analytical potentials

The interaction of faujasite catalyst with water for
different conformations has been calculated at DFT
and HF levels of theory. The Hartree—Fock calcula-
tions were performed with the effective-core poten-
tial and corresponding basis sets of Stevens et al,
[48-50] (denoted as SBKIC) in valence doule-zeta
contraction. For the DFT calculations the B3LYP
functional and the 6-31G(d) basis set were used. In
order to construct potential functions for faujasitic
zeolite /water, four main steps have been employed:
(1) selection of the dimer conformations, (2} perfom-
ing the B3LYP/6-31G(d) and HF /SBKIC calcula-
tions, (3) selecting the analytical form, and {(4) fitting
the computed DFT/B3LYP and HF/SBKIC ener-
gies to the selected functional forms.

The water geometry has been kept at the experi-
mental values (rg, = 0.9572 A, £HOH = 104.52°
[51D), while the fanjasite structure has been taken
from the B3LYP/6-311G(d,p) optimization. Fig. §
shows the faujasitic zeolite / water potential curves as
a function of the O.._H distance for three different
levels of theory. The figure also reveals that
HF /STO-3G yields a steeper minimum at a shorter
distance than B3LYP/6-31G(d). This large differ-
ence shows that calculations on the STO-3G level
are not useful here. The HF/SBKJIC resulis are
encouraging when compared to B3LYP/6-31G(d).
The two potential curves are quite similar despite of
the fact that the HF /SBKIJC calculations are much

Table 5

Atomic charges for water and faujasite {cluster B)

Water molecule

0= -07401

H~= 03700

Faujasite (Cluster B)

Hl = —-0.1356 Hi0= ~0.1445 Hid4 = —0.1465% Hi5= —0.1449 Hi6= —0.1365
H21 = 05165 H23 = —0.1490 H24 = —0.1663 H28 = —-0.1197 H33= —0.1630
H34 = —-0.1621 H35= —-0.1613 Hi6= —0.1313 H3i8 = -0.1551 H39= --0.1428
H41 = —0.1650 H42 = ~0.1639 03 = -—1.1567 04 = —1.0252 Q5= —10}i0
Q9 = ~1.1400 Oll= -1.1141 0i2 = - 1.0356 013=—1.0424 Q17= —1.0340
022 = -1.0249 025 = —1.0048 026 = — 10156 027 = —1.0398 032=—10168
037 = - 1.0271 Alb = 1.9752 Siz2 = 1.5934 Si7 = 1.3417 SiB= 13511
Silg = 1.6386 $i19 = 1.6427 5120 = 1.6616 Si29=1.3454 S130= 1.3438
Si31 = 13254 Si40 = 1.3404
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Fig. 5. Comparison of adsorption energies from B3LYP /6-31G(d),
HF /ECP-VDZ, and HF /STO-3G for the faujasitic zeolite /water
system.

[

faster (on an SGI Challenge about 50 times). After
testing a variety of functional forms, a simple 2-6-
10-12 potential energy expression for the interaction
of fauwjasitic zeclite with water was employed:

ew &%  Auw By  Cu Dy
ET(n)=Ll—+=+=+mt |
ki

60
.

40
=
£
£
a1
<]

0 W
-20 [ 1 ¥ 1
1 2 3 4 5 6

0. H]{A)

Fig. 6. Comparison between ab initio energy surface data { 4 ) and
analytical potential curves (lines) for the configuration presented
in Fig. 4.

r;; is the distance between atom k on the zeolite
molecule and atom i on the water molecule. ¢, and
g; are atomic charges taken from a Mulliken popula-
tion analysis (cf. Table 5). A,;, B,,, C;; and D,; are
the parameters determined by least-squares fitting.
The fined parameters of the potential energy func-
tions are tabulated in Table 6 (in kcal/mol). The

ki ki Tu e T quality of the fit is illustrated in Figs. 6 and 7. Fig. 6
Table 6
The fitted parameters of the potential energy functions (see wext)
Parameler A B [y D
H1-0 —1.0331905 x 102 1.8382883 % 107 —1.5083348 X 10* 8.9420565 X 10
H1-H 1.2645426 X 10? —2.8999846 % 10? 24324152 % 10% —5.5234880 X 102
H2-O 2.8574043 X 10" 5.2740608 X 103 —3.3482893 X 10? — 26299890 % 102
H2-B —8.3599299 X 10 1.4191032 X 107 5.9935692 x 10! - 10575208 X 10?
o1-0 —22014121 X 10! 1.3536682 X 10° —3.9274513 % 10? 6.0327825 x 107
O1-H - 92895111 x 10! 1.2641836 X 102 —3.6371045 X 10! 1:2479447 % 10!
02-0 2.5865495 X 10? ~1.3296107 x 10° 1.5674254 x 10° —3.4876443 x 107
02-H — 11555464 % 10% 2.1024226 x 102 —1.9198437 x 10? 1.0763633 X 102
03-0 2.8803433 x 10? —6.7006798 x 107 1.0924449 X 10° — 24821535 % 10°
03-H — 1.4723644 % 107 1.9241469 x 10? 6.6505733 x 102 —~ 10651945 X 10°
04-0 —7.4289775 X 10} 1.9661823 X 10° 40700384 X 107 —1.2381189 % 10*
0O4-H — 1.3862499 x 102 4.6499706 X 10" 7.36271116 X 10° 1.8873061 % 10
05-0 —3.2716430 % 10° 8.9273658 % 10’ 2.8112535 X 103 - 11607496 x 10®
O5-H — 1.1941986 X 107 1.4535989 x 10? 2.1379764 x i0? —33723297 X 10?
06-0 —1.1715990 x 102 1.5436934 x 10° 20774143 X 10* —8.0412282 x 10*
06-H —9.7118242x 10" 1.7316578 % 107 —1.3496463 % 107 7.1361063 x 10"
Sil-0 —5.7071178 x 10" ~2.3134268 x 10° 82071595 X 10* —4.9494428 x 10*
Sii-H 2.8669836 X 102 —2.9201129 % 10* 3.0196516 % 103 —3.7259970 X 10°
Si2-0 1.6333832 X 10? — 4.9009698 x 10° 3.4294755 x 10° —1.4582774 % 10°
Si2-H 23662032 X 10° —1.2223283 % 10° 2.2845654 X 10* - 5.9072013 % 10*
Al-O — 5. 1438777 X 10? 11459039 x 107 1.3088621 X 10° —5.1532513 X 10°
Al-H 1.1556943 x 10° 57061768 X 102 —-9.1190710 x 10? 1.4812055 % 10*
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Fig. 7. Comelation between interaction energy (A £, iz, from

the ab initio calculations and those derived from analytical expres-
sions as described in the text.

I
0 100

shows the fitted values for the same curve as Fig. 5
whereas Fig. 7 illustrates the correlation between all
ab initio and fited energies. The standard deviation
obtained between fitted and ab-initio energies is 2.14
keal /mol. Since among the 500 points used in the
fitting there are many with high energies, this is a
good value. Our newly developed potentals will be
further employed in the simmlation of zeolite /water
system.

4, Conclusions

We have presented a density-functional study of

faujasitic zeolites and their complexes with water
using the B3LYP functionals and the basis sets
6-31G(d), 6-31G(d,p), 6-311G(d), 6-311G(d,p} and
6-311 + G(d,p). The agreement between
DFT/B3LYP-6-311 + G{d,p) proton affinities and
the corresponding CPF and G1 values are excellent.
Comparing the older BLYP and VWN functionals
with the recently introduced B3LYP functicnals, the
latter yields superior accuracy. This artificial signifi-
cant lengthening effect on the weaker Al-O bond in
the BLYP and VWN calculations does not occur
with B3LYP. The Si~O{H)-Al and Si-O-H bond
angles of zeolites do not appreciably depend on the

inclusion of non-local effects in the density func-
tional. The 6-31G(d) basis set in the DFT prediction
of the faujasite structure yields good results and is an
economic choice for large systems. The predicted PA
of the faujasitic catalyst is estimated to be 294 + 3
kcal /meol, which is in the range of experimentally
determined value of 281-300 kcal /mol. The fauja-
site catalyst/water structure (see Fig. 1b) is stabi-
lized at the bridging O-H group by two H-bonds
with binding energy of --20.3 kcal/mol. Compari-
son with hydrogen halides and related complexes of
water demonstrates that the fanjasite is a strong acid.
An analytical potential for the interaction fo fauja-
sitic zeolite with water was derived by fitting the ab
initio interaction energies which we plan to employ
in simulations studies of petrochemical
catalyst/water systems. :

Acknowledgements

This work was supported by donors of the Thai- ¢

Jaird'Research Fond (TRF) and the Kasetsart Univer-

sity Research and Development Institate {(KURDI)
and by Jubilaumsfonds der Osterreichischen Nation-
albank (project 5621). Our sincere thanks are due to
Professor R. Ahlrichs (Karlsruhe, Germany) for his
continued support of this work. We would like to
express our gratitude to the referees for their critical
and uvseful remarks and suggestions on this paper.

References

{1] J. Klinowski, Chem. Rev. §1 {1991) 1459,

[2] J.M. Thomas, Sci. Am. 266 (1992) 82.

[3] G.J. Kramer, R.A. Van Santen, C.A. Emeis and A.K. Nowak,
Nature 363 (1993) 529. )

[4] E. Kassab, J. Fouguet, M. Allavena and E-M. Evieth, J. Phys.
Chem. 97 (1593) 2034, )

[5] CTW. Chu and C.D. Chang, J. Phys. Chem. 89 {1985)
1569.

[6) K.J. Chao and L.J. Leu, Zeolite 9, (1989) 193,

[7] 1. Das, C.V.V. Satyanaryana, D.K. Chakrabarty, S.N. Pira-
manayagam and SN, Shringi, J. Chem. Soc. Faraday Trans.
88 (1992) 3255.

{8] Y. Murakami, A. Iijima and J.W. Ward, New Developments
in Zeolite Science and Technology (Kodansha, Tokye, 1986).

{9] E. Nusterer, P.E. Bléchi and K. Schwarz, Chem. Phys. Lett
253 (1996) 448.



J. Limtrakul et al. f Chemical Physics 215 (1997) 7787

[10] S.A: Zygmunt, L.A. Contiss, LEE. Iton and M.K. Erhardt, J.
Phys. Chem. 100 (1996) 6663.

{117 M. Krossner and J, Sauer, J. Phys. Chem. 100 (1996} 6199.

[12} J. Sauer, P Vglicugo, E. Garrone and V.R. Saunders, Chem.
Rev. 94 (1994) 2095,

[13) i. Saver, H. Hom, M. Hiser and R. Ahlrichs, Chem. Phys.
Lew 26 {1990) 173.

{14] F. Haase and J. Saucr, J. Am. Chem. Soc. 117 (1995) 3780.

[15] A. 1son and R.J. Gorte, J. Catal. 89 (1984) 150

[16] R.J. Gorie, 1993, personal communication as referred by ref.
H

[17] F. Wakabayashi, J.N. Kondo, K. Domen and C. Hirose, J.
Phys. Chem. 100 (1996) 1442.

(18] 1. Limwakul, . Yoinuan, Chem. Phys. 184 (1994} 51; J.
Limirakul, Chem. Phys. 193 (1995) 79; J. Limtrakul and D.
Tantanak, J. Mol. Struct. 358 (1995) 179; J. Limtrakul and
D. Tantanak, Chem. Phys. 208 (1996} 331.

(19} 1.W. Andzeim and J.K. Labanowski, eds., Density Functional
Methods in Chemistry (Springer, New York, 1991).

[20} R.D. Amos, C.W. Murray, and N.C. Handy, Chem. Phys.
Letter 202 (1993) 487.

[21]) N.C. Handy, P.E. Maskn, R.D. Amos, IS, Andrew, CW,
Murmay and G.1. Laming, Chem. Phys. Letw. 197 (1992} 506.

[22] F. Sim, A, St-Amant, 1. Papai and D.R. Salahub, J. Am.
Chem. Soc. 114 (1992} 4391, ’

[23] D.A. Dixon, ). Andzelm, G. Fitzgerald and E. Wimmer, J.
Phys. Chem. 95 (1991) 9197.

[24] 1. Andzelm, E. Rodzio and DR. Salahub, J. Comput. Chem.
6 €1985) 520.

[25] P.). Sicphens, F.J. Devlin, L.F. Chablowski and M.). Frisch,
J. Phys. Chem. 98 (1994) 11623,

[26] A.D. Becke, Phys. Rev. A 38 {1988) 3098; C. Les, W. Yang
and R.G. Parr, Phys. Rev. 13 (1938) 785.

{27] C.W. Bauschlicher Jr. and H. Parridge, Chem. Phys. Lea.
240 (1995) 533--540.

[28] J.W. Finley and PJ. Stephens, J. Mol. Struct (Theochem)
357 (1995) 255-235.

{291 ). Limtrakul, unpublished results.

[30] S.H. Vosko, L. Wilk and M. Nuisar, Can. J. Phys, 58 (1980)
1200.

[31] M. Frisch, G.W. Trucks, H.B. Schlegel, PM.W. Gill, B.G. -

Johnson, M.W. Wong, J.B. Foresman, M.A. Robb, M.
Head-Gordon, ES. Replogle, R. Gompernts, J.L. Andres, K.
Raghavachani, LS. Binkley, C. Gonzalez, R.L. Manin, D.J.
Fox, D.J. DeFrees, J. Baker, JJ.P. Stewart and LA, Pople,
Gaussian 94 (Gaussian Inc., Pittsburgh, PA, 1994).

[32} R. Ahlrichs, R. Baer, M. Haeser, H. Hom and C. Koemel,
Chem. Phys. Lett 162 (1989)165.

[33] M. Haeser and R. Ahlrichs, J. Comput. Chem. 10 (1989}
104,

[34] 1. Almloef, K. Faegri Jr. and K. Korselt, J. Comput. Chem. 3
(1982) 385.

[35] J. Saver and R. Ahirichs, J. Chem. Phys. 93 (1990) 2575,

- [36] D. Freude, J. Klinowski and H. Hamdan, Chem. Phys. Lew.

149 {1988) 355.

[37] AK. Cheectham, M.M. Eddy and J.M. Thomas, J. Chem.
Soc. Chem, Commun, {1988) 1337

[38] M. Eddy, PhD Thesis, University of Oxford, 1984,

[39] J. Saver, Chem. Rev. 89 (1989) 199.

(401 JJ. Piuth and JL.V. Smith, J. Am. Chem. Soc. 102 (1980}
4704,

[41] D. Barthomenf, Mater. Chem. Phys. 17 (1987) 49,

[42] J.A. Pople, M. Head-Gordon, D. Fox, K. Raghavachari and
L.A_ Curtiss, J. Chem. Phys. 90 (1989) 5622,

[43) L.A. Curtiss, C. Jones, G.W. Trucks, K. Raghavachari and
LA. Pople, J. Chem. Phys. 93 {1990) 2537.

{44] J. Datka, M. Boczar and P. Rymarowicz, J. Catal. 114 (1988)
368.

{a5] J. Datka, M. Boczar and B. Gil, Langmuir 9 (1993) 2496.

[46) V. Gummann, The donor-scceptor approach to molecular
interactions {Plenum Press, New York, 1978).

{47) J.A. Odutola and T.R. Dyke, J. Chem. Phys. 72 (1980) 5062

[48] W.J. Stevens, H. Basch and M. Krauss, J. Chem. Phys. §1
(1984) 6062.

[49] WI. Stevens, M. Krauss, H. Basch and P.G. Jasien, Can. J.
Chem. 70 (1992) 612.

[50] T.R. Cundari and W.J, Swevens, J. Chem. Phys. 98 (1993)
5555.

[51] W.S. Benedict, N. Gailar and EK. Plyler, . Chem. Phys. 24
(i956) 1139.

37



Reprinted from

Journal of
MOLECULAR
STRUCTURE

Journal of Molecular Structure 435 (1997) 181-192

Coadsorption of ammonia and methanol on H-zeolites and
alkaline-exchanged zeolites

Jumras Limtrakul*, Usa Onthong

Laboratory for Computational and Applied Chemistry, Chemistry Department, Faculty of Science, Kaseisart University,
Bangkok 10900, Thailand




Journal of Molecular Structure 435 (1997) 181-192

Journal of
MOLECULAR
STRUCTURE

Coadsorption of ammonta and methanol on H-zeolites and
alkaline-exchanged zeolites

Jumras Limtrakul*, Usa Onthong

Labaratory for Computational and Applied Chemistry, Chemistry Department, Facuiry of Science, Kasetsart Universiny,
Bangkok 10900, Thailand

Received 17 February 1997; revised 10 April 1997; accepted 10 Apnil 1997

Abstract

The interactions of methanol and ammonia on H-zeolites (H-Z) and alkaline-exchanged zeolites (Na-Z) have been
investigated using Hartree—Fock (HF} and density functional theory (DFT) approaches. Full optimization of all clusters and
their complexes has been optimized at B3LYP/6-31G* and HF/6-31G* theoretical levels. The reaction mechanism of
coadsorption of methanol and ammonia on H-Z is that the ammonia is found to bound to the Bransted acid site of H-Z,
yielding ammonium cation, which in tarn operates as an active site for methanol. The result of coadsorption processes indicates
that the stronger base ammonia is preferentially bonded to the Bransted acid sites of H-Z, while methanol is interacted with the
Lewis acid of Na-Z. Our findings are in excellent agreement with very recently reported data (Kogelbaver, A., Grundling, G.,
Lercher, J.A., J. Phys. Chem. 100 (1996) 1852-1837). © 1997 Elsevier Science B.V.

Keywords: Quantum chemical calculations; Adsorption; Catalysis; Zeolites; Methanol-ammonia interaction

1. Introduction

The acidity of zeolitic catalysts released from the
surface hydroxyls (=8i—-OH-Al=) is responsibie for
their catalytic function and has led to numerous
important industrial applications, such as the applica-
tion of catalysts and adsorbents in petrochemical
processes and for the production of fine chemicals
[1-15]). Of particular interest in this active research
is the products generated from the adsorption of
methanol (i.e. conversion of methanol to gasoline)
{16=21] and the coadsorption of methanol and
ammonia [22,23] (production of methylamines,
which are essential chemical building subunits for
important industrial materials such as resins, fibers,

* Cormresponding author.

dyes and pharmaceuticals). One of the cruciat steps
of these chemically interesting systems involves the
probed molecules adsorption on the catalyst surface.
In spite of a large number of documents about zeolite
research, details of the structures and reaction
mechanisms of adsorption and, particularly of
coadsorption, are still incomplete and only partially
solved [17,23]. This understanding is the basis for the
rational design of improved catalysts.

In this work, the interactions of methanol and
ammonia with H-zeolites (H-Z) and alkaline-zeolites
(Na-Z) are investigated for the first time by the density
functional theory (DFT), and Hartree—Fock (HF)
with the aim of; a) -investigating the important
consequences of different types of adsorbed probe
molecules at low and high coverages, i.e. (CH;0H),,
(NH,),, {CH;OH)YNH;) and (NH;}CH;0H), where

0022-2860/97/517.00 © 1997 Elsevier Science B.V. All rights reserved
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n denotes the amount of probed molecule
coverages; b) determining the reaction mechanism
of coadsorption; ¢) comparing the influence of H-Z
and Na-Z on the coadsorption structure of methanol
and ammmonia.

2. Method

We employed the adsorption clusters illustrated in
Figs. 1-3 as the models of the probed molecules’
adsorption on zeolites [H;SiOHAIOH),0SiH;)/
[NH;}{CH;0H], and [H;SiOHAKOH),OSiH;)/
[CH;OHKNH;), and their possible ron-pair species.
The alkaline-exchanged systems, [H3SiONaAI(OH),
OSiH;V[NHHCH30H])  and  [H;SiONaANOH),
OSiH;//[CHOH][NH;3] are modelled for the coad-
sorption of methanol and ammonia on Na-exchanged
zeolites (see Fig. 4 and Fig. 5). The isolated Na-
complexes, Na(l)/[NH;)[CH;OH], and Na(ly
[CH3;OH]}[NH;]) are also included for comparison,
We have also investigated the adsorption of methanol
and ammonia at low and high coverages, with similar
absorbent models of [H;SiOBANOH),SiH,)/
[CH,0H], [H,SiOHAI(CH),0SiH /[CH;0H],,
[H3SiOHAKKOH),0S8iH,)/[NH,], H,SiOHAI(OH),
OSiH;)/{NH;],. In the models employed, the clusters
have been terminated by hydrogen atoms.

Full geometry optimization of the cluster models
mentioned above was carried out with the DFT
methods employing the B3LYP density functional.
This functional has been recently demonstrated to
yield accurate results for the molecular structures
and vibrational frequencies for zeolites [24-26]. All
density functional computations were performed
using the program Gaussian-94 {27].

For the HF calculations, we employed the TURBO-
MOLE code [28,29] which is based on the direct SCF
method of Almiocer et al. [30]. Geometry optimiza-
tions were terminated when the gradients norm with
respect of internal coordinates was less than 107 Ey/
ag. The energy change was then below 5 x 1078 a.u!

The computations were carried out using DEC

Fig. 1. Schematic representation of molecular models for the
systems Brgnsted acid site [H;SiOHANKOH),08iH;); (H-Z):
a} [H,;SiOHAI(OH)-0SiH,}/INH;): b) [H:SiOHAKOH),OSiH,
{NH)[CH,OHY; ©) {H SiOHAI(OH),08iH s}/ [NH, 4.
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Atlphastation 250 and HP 9000/700 workstations at
the Laboratory for Computational and Applied
Chemistry at Kasetsart University.

3. Resulis and discussion

3.1. Coadsarption of anmonia and methanol on
H-zeolite (H-Z)

3.1.1. Interaction of ammonia and methanol on
H-Zeolite

The fully optimized geometrical structures con-
strained at Cs symmetry for [H;SiOHAI(OH),0S8iH )/
{NH;){CH;OH] (see Fig. 1b) were investigated at HF
levels of theory using 6-31G* basis set. The optimized
parameters for the two theoretical approaches are
surnmarized in Table 1.

Comparing the HF structure of H3SiOHAI(OH}),
0SiH4 with the B3LYP structure, it is seen that the
3i-0, Al-0 and O-H bonds of the former are shorter
than with the latter (see Table 2). Note that the HF

Tesults always yield an OH bond which is too short as

compared to the experimental resuit [31].

Further support for the reliability of using this
model is confirmed by the results of NMR measure-
ment [32]: the AlL.H of H-faujasite has been
estimated to be 238 * 4 pm whereas our computed
distances at the B3LYP and HF levels of theory are
239.7 and 241.6 pm, respectively.

The changes in the structural parameters of tertiary
upon complexation are in line with Gutmann’s rules
[33], ie. a lengthening of the bridging OH bond, 2
shortening of Al-O and a lengthening of Al-O (not
adjacent to the bridging OH bond).

In order to compare the structure and bonding with
the related types of adsorbed molecules, we have also
performed calculations on the systemns H-Z/[NH;],
H-Z/INH,],. H-Z/[CH;0H][NH;], and H-Z/[CH0OH]
[CH3;0H] (see Taole 4). The results suggest that the
H-Z/[NH;3][CH,0H] is energetically favoured in the
coadsorption process of methanol and ammonia. The
methanol has a pronounced effet on the H-Z/[NH;]
complex, indicating the capability of donating a

Fig. 2. Schematic representation of molecular models for the
deprotonated framework {H,Si0AI(OH)08iH33;(Z27): a) [H1S10A-
I(OH),SiH;1/[NH 1", b) [H,SiOAIIOH),SiH . /INH,]'[CH;CH];
¢} [H;Si0ANOH),SiH ] /INH,] [NH;1
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Fig. 3. Schematic representation of molecular models for the sys-
tems Bronsted acid site [H,SiQHAKOH),08iH:L (H-Z): a)
[H;Si0HAKOH),05iH{CH;0H]; b) [H:SiOHAIOH).0SiH )/
[CH0H]; ¢) [H.SiOHANOH),OSiH/[CH :OHI[NH,).

zeolitic proton onto the adsorbed ammonia. The
Brgnsted OH bonds of zeolitic catalysts are
lengthened for the H-Z/[NH;}[CH4OH] as compared
to the corresponding binary complex of H-Z/[NH,]
(99.3 vs. 98.9 pm, see Fig. 1a,b).

3.1.2. lon-pair formation

The optimized structure parameters of {H;SiOAl
(OH),SiH;1 /[NH,)*, [H;SiAI(CH),SiH4} /[NH,]*
[NH;] and [H,SiOANOH),SiH;]/[NH,]'[CH;0H]
are reported. For the system [H;SiOANOH),SiH;3)™/
[NH,}", the ammonium cation forms two very strong
hydrogen bonds towards the negatively charged
zeolite (see Fig. 2a). The Al-O1, and Al-Q2 dis-
tances are virtually equal and about 4.6 pm longer
than that found in the anionic zeolite. For the high
coverages, the ammonia is found to bond to the
Bronsted acid site of H-Z, yielding ammonium cation,
which operates as the centre site for further hydrogen
bonding to methanol of ammonia (see Fig. 2b and 2¢).

Attempts have been to observe the Z/[CH;0H,}"
[NH;); an initial structure with a methoxonium ion is
optimized. The OH bond of [CH3;OH,]" and the
hydrogen bond angle (O-H...N) in the complex is
constrained at the optimized [CH;OH;)" and 180°
respectively. However, during the optimization, the
proton of [CH,OH,}" is transferred to the ammonia
molecule, and the final equilibrium complex H-Z/
{CH;OH]{NH,]" is obtained. Note that this complex
is achieved only at B3LYP, while only hydrogen-
bonded H-Z /[CH3;OH][NH,] is obtained at the HF
level of theory.

The energy for conversion of {H3;SiOHAI(OH),
SiH;M[NH4J[CH;0H] to [H3Si0Al(OH),SiH5)7/
[NH,J'[CH;0H] is 0.74 kcal/mol. The details of the
sorption processes were evaluated as follows. The
coadsorption energy of ammonia and methanol on
the cluster zeolite (H-Z) is the energy of reaction

H—Z+ [NH;] + [CH;0H] — H~Z/{NH,][CH,0H]
‘ (1

Whilst for an anion (Z7) and ammontum cation

(NHY), the energies are those of the reactions
H-Z—Z +H* (2a)
NH, +H* — [NH,}* (2b)

The energy for reaction (2a) is called the deprotonation
energy and the protonation energy is represented by

41
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reaction (2b). For an ion-pair, Z /[NH,]'[CH3O0H], the
complexation energy is the energy of the reaction

[Z7]+[NH,]* +[CH;0H] — 2~ /[NH,]* [CH,0H]
(3

Finally, the conversion energy of a covalent structure
to an ion-pair structure is the sum of the energies of
the three reactions above, i.e.

H-Z/[NH;])[CH;0H] — Z7 /[NH,]* (CH;CH]  (4)
The reaction energies of each step are summarized in
the schematic diagram in Scheme 1. From the reaction
energies (see Table 4) of all the complexes, we can
propose the reaction mechanism of coadsorption of
methanol and ammonia on H-Z as depicted in
Scheme 2.

3.2. Coadsorption of methanol and ammonia on
Na-zeolites (Na-Z)

The effect of the cation on the structure of zeolitic
catalysts and the coadsorption process is investigated
at B3LYP/6-31G* and HF/6-31G* levels of theory.
The fully optimized geometry structures for Na-Z,
Na-Z/[NH,], Na-Z/[CH,0H], MNa-Z/{NH,}[CH;CH]
and Na-Z/{CH;0H]{NH ] are documented in Table 3.

3.2.1. The Na(l)/zeolite complex

The Na(l) does not bind with a particular bridging
oxygen atom in the [AlQ4]” but is symmetrically
bidentated to the Ol and O2 of the [AlQ,]™ tetra-
hedron and the interaction has ionic character. The
symmetric binding between Na(l) and [AlQ,}” has
been confirmed by an ESR experiment [34}. The
optimized Na(l)...O distance is found to be 216.0 pm
and the corresponding energy is 134.09 kcal mol ™.
Table 3 further indicates that the charge compensating
Na(l) can affect the =8i-0O-Al= by weakening the
Si-0 and Al-O bonds, as compared to the anionic
framework (see Table 2).

9799
H-Z + [NH3] + [CH30H] — Z7+ ['NH.;] + [CH30H]

(ii)
(i )I 22.42 (iii)l -119.67
0.74

H-Z/[NH3){CH3OH] ——>  Z/[NH4] [CH30H]
(iv)

Scheme 1.

Proton Transfer

Scheme 2.

3.2.2. The Na-Z/[CH ;0H] complex

The optimized Na(l)...O(Z) distance in the Na-Z/
[CH;0H] complex is 2.8 pm larger than in the
Na(I)/zeolite complex. The Na...O{m) equilibrium
distance of the Na-Z/[CH3;OH] complex is about
7.7 pm longer than the corresponding distance in
the isolated Na(l) complex, Na(Iy¥[CH,OH], in
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accordance with the lower binding energy; AE(Na(I)/
CH;OH) = — 31.08 kcal mol ™', AE(Na-Z/CH-OH) =
~18.39 keal mol ™.

One point of interest is that the Na-Z/[CH;0OH)
leads to an increased positive charge for the methanol
hydrogen by about 0.0462. This suggests that
the ability of the methanol molecule o form a
hydrogen bond as a proton-donor molecule is
enhanced with Na-Z attached to the methanol oxygen
atom. We note that the absolute values from
Mulliken population analysis are not very reliable,
and also depend on the basis set employed. However,
within closely related structures a useful valve will
be yielded.

3.2.3. The Na-Z/{CH;0H}{NH ;] complex

The changes in structural parameters of the
coadsorption complexes MNa-Z/[CH;OH][NH;} are
in agreement with Gutmann’s rule [33], ie. a
lengthening of the methanol OH bond, a shortening
of Na.O(m), a lengthening of Na..O(Z), and a
shortening of the Al-O (adjacent to sodium atom)
and 8i-O bonds, as illustrated in Fig. 4c.” The
optimized Na(I})...O{m) distance in the Na-Z/
fCH,OH]{NH,] is 5.1 pm smaller than in the Na-Z/
{CH;OH]} complex, where O(m) and O(Z) denote
methanol oxygen and oxygen of zeolite, respectively.
The rotational energy barrier around the O-H..N
bond of the Na-Z/[CH,0H]{NH,] complex is lower
than KT. Thus Na-Z does not seem to hinder the free
rotation of the ammonia molecule.

Another additional point of interest is that the
OH...N distance is contracted from the 289.2 pm
found in the H-bonded dimers of CH;OH..NH; to
2769 pm for Na-Z/{CH;OH][NH,). This reduced
O-H..N distance reflects an increase of binding energy
due to the Na-Z. This can also be simply rationalized
on the basis of the hydrogen atom population. The
Na-Z leads to a decrease in electron density at the
methanol proton in the Na-Z/[CH,OH][NH:] of
0.1088 units, compared to 0.0588 units in the
CH,OH...NH;. ’

From the reaction energies in Table 4, the reaction
mechanism may be proposed as depicted in Scheme 3.

Fig. 4. Sthematic representation of molecular models for the systems:
a} [H,SiONaAl{OH).08iH ]; (Na-Z); b) [H;Si0ONaAl(OH) 05iH )/
fCH,OH]J; ¢) [H;Si0ONaAiOH),OS8iH, {CH ;OH)[NH;].
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Table 4
Comypriied binding energies

Systems Binding energy ( — AEfkcal mol™)
HF/6-31G* B3LYPA&-31G*

[H:SitOHAI(OH)OSiH ;) 13.50 18.48

[CH,OH]

[H1SiOHAKOHYOSH, 21.5) 29.60

[CH;0H],

[HSiOHAIOH)OSIH,Y 22.13 3164

[CH ;OHJINH}
(H:SiOHAKOH OSH, )/ 15.81 -

{NH,]

[H:SiOAOH )OSIH )/ 112.25 120.96
[NH,”

[H;SiIOHAHOH)OSH W 2147 -
[NH;),

{H,Si0AOH)OSIH, I 120.08 130.02
[NH.)'[NH;)

[H:SiOHAKCH )OSIH I 2242 -
[NH][CH;OH]}

[H:SiOAKOH )OSIH 119.67 131.59
[NH.]"[CH;OH])

[H:SiIONaAOHOSHY  19.72 2157
{NH,]

{H:Si0MaAl(OHJOSIHY - 27.07 31.03
{NH,][CH,;OH}

[H:SiONaAKOH)OSIHY - 17.33 18.39
[CH;0H)

[H3SIONaAl(OH JOSIH,Y  30.34 35.76
[CH;0OH)[NH;]

Scheme 2 and Scheme 3 indicate that when
the methano]l and ammonia are coadsorbed, the
methanol preferentially adsorbs on Na-Z, while the
ammonia binds favorably to H-Z. Qur findings are
in excellent agreement with very recent experimental
data [23}.

4. Conclusion

We have carried out HF and B3LYP methods with
6-31G* basis set to investigate the coadsorption of
methanol and ammonia on H-zeolities (H-Z) and
alkaline-exchanged zeolites (Na-Z). Comparing HF
and B3LYP resulis with available experimental data,
the B3LYP yields structural parameters which are in
good agreement with experimental data. The Al..H
distance of zeolite has been estimated experimentally
as 238 = 4pm, whereas our B3LYP value is
239.7 pm.

235.7 97.90
{

Fig. 5. Schemnatic representation of molecular models for the systems:
a) [H;5i0N2ANOH),05iH,[NH,}; b} [HaSiONaAOH),08iH )
[NH;)[CH,OH}.

A comprehensive study of the coadsorption of -
absorbate molecules with the surface hydroxyl
reveals several interesting points.  Struchire
Na-Z/[CH;OH}{NHs} is lower in energy than
Na-Z/[NH,}{CH;OH], which suggests that the former
is more favourable in the coadsorption process. The
reaction mechanism of coadsorption of methanol and
ammonia on H-Z is that the ammonia is found to
stabilize to the Brgnsted acid site of H-Z, generating
an ammonium cation, which acts as an active site for
methanol.



J. Limtrakul, U. Onthong/lournal of Molecular Structure 435 (1997) 181-192

AE = -31.03 kcal/mol

AE = -35.76 kcal/mol

Scheme 3.

The results obtained in the present study are very
useful from the experimental point of view, since the
adsorption and coadsorption processes on the surface
site are found to play a significant role in catalytic
Processes. . -
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ABSTRACT

Reaction pathways of methylamine synthesis from methanol and ammonia on zeolite (ZOH)
have been carried out using Hartree-Fock (HF) and density functional theory (DFT) approaches.
Structures of the adsorption reactants, transition states, intermediates, and adsorption products
were optimized at DFT(B3LYP) and HF levels of theory using 6-31G(d). Four different reaction
pathways, including Langmuir-Hinshelwood {methanol and ammonia are both bound to Brensted
acid sites) and Eley-Rideal (two adsorbing molecules react; methanol is unbound, the ammonia is
bound to a Brensted acid site) mechanisms of methylamine production, were investigated. The
reaction pathway which involves dehydration of one methanol and generating surface methoxy
species was found to possess a substantially higher activation energy barrier. The lower
corresponding energy was estimated for methoxy-zeolite formation from coadsorption of CH3OH
and NH3 at Bronsted acid sites. The reaction pathways involving an associative reaction were,
however, found to be more preferable in methylamine formation.

INTRODUCTION

For many years, zeolites have been found in industrial applications as catalysts in
petrochemical processes, because of their unique catalytic activity, excellent selectivity as well as
superior stability in many important conversions and upgrading processes as compared to other
materials [1]. The acidity of zeolitic catalysts released from the surface hydroxyls (=Si-OH-Als) is
responsible for catalytic function [2-3]. The structure of such catalytic sites and their mode of
interaction with simple adsorbates have been investigated as a crucial step in elucidating the
catalytic reaction mechanism occurring ai these active sites.

Of particular interest in this active research is the products generated from the adsorption of
methano! (i.e., conversion of methanol to gasoline) and the coadsorption of methanol and
ammonia (the production of methylamines which are essential chemical building subunits for
important industrial materials such as resins, fibers, dyes and pharmaceuticals) [4]. One of the
crucial steps of these chemically interesting systems involves the adsorption of probed molecules

on the catalyst surface.
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INTRODUCTION

For many years, zeolites have been found in industrial applications as catalysts in
petrochemical processes, because of their uniqué catalytic activity, excellent selectivity as well as
superior stability in many important conversions and upgrading processes as compared to other
materials [1]. The acidity of zeolitic catalysts released from the surface hydroxyls (=8i-OH-Al=) is
responsible for catalytic function [2-3]. The structure of such catalytic sites and their mode of
interaction with simple adsorbates have been investigated as a crucial step in elucidating the
catalytic reaction mechanism occurring at these active sites.

Of particular interest in this active research is the products generated from the adsorption of
methano! (i.e., conversion of methanol to gasoline) and the coadsorption of methanol and
ammonia (the production of methylamines which are essential chemical building subunits for
important industrial materials such as resins, fibers, dyes and pharmaceuticals) [4]. One of the
crucial steps of these chemically interesting systems involves the adsorption of probed molecules
on the catalyst surface.



In spite of a large number of documents about zeolite research, the detatls of structures and
reaction mechamisms of adsorption [2,5-8], and particularly of coadsorption [9] are still
incomplete and only partially solved.

METHODS

We employed the adsorption clusters illustrated in Figure 1-5 as the models of all possible
adsorption  reactants: [XOHAI(OH),OX)/[CH;0H], [XOHAI(OH),0X]/[CH;OH][NH;],
[XOHAI(OH),OX}/[NH;][CH3;0H]; adsorption surface methoxy intermediates, [XOCH;AI(OH),
OX])/[NH;:), [XOCH;AI(OH),OX)/[H;O)/[NH;], [XOCH;AI(OH)OX)/[H;0]; transition state
complexes, and adsorption products, [XOHAI(OH)20X)/[CH3NH2], [XOHAI(OH),0X}/
[CH;NH,}/[H;0]; where X=H and SiH; , hereafter referred to as 1T and 3T cluster models for
HOHAI(H),OH and H3SiOHAI(H),OSiH3, respectively.

Figure 1. Optimized structures for different adsorption complexes (H3SiOHAI(OH); OSiH; (3T),
H;SiOHAI(OH),0SiHy/CH;0H (1a), H3SiOHAI(OH),OSiH:/CH;OH/NH; (1b), [H3Si0AOH),
OSiH;]/[CHNH;] (1¢), [H3SiOANOH),08iH;]/[CH:NH;]/H,;0 (1d), [H;SiOAl(OH),08iH;]/
CH;0H/[NH.]" (1e), [H3SiOAJ(OH),OSiH;] /[NH,]/CH;0H/ {1f)) at B3LYP/6-31G(d) level of
theory.

Full geometry optimization of the cluster models mentioned above was carried out with the

DFT methods employing B3LYP density functional. This functional has been recently
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demonstrated to yield accurate results about molecular structures, and vibrational frequencies for
zeolites [10-11]. Transition state searches were performed using an eigenvalue-following
~ algorithm [12]. On each optimized cluster, a vibrational analysis was made in order to obtain the
normal modes. Final energies of some adsorption complexes were improved from point
calculations at B3LYP/6-311+G(3df,2p) theoretical level. All density functional computations
were performed using the program Gaussian-94 [13].

For the HF calculations, we employed the TURBOMOLE code [14] which is based on the
direct SCF method. Geometry optimization was terminated when the gradient norm with respect
to internal coordinates was less than 10-3 Ep/a,. The energy change was then below 5x1076 a.u.

The computations were carried out using DEC Alphastation 250 and HP 9000/700
workstations at the Laboratory for Computational and Applied Chemistry at Kasetsart University.

RESULTS AND DISCUSSION

Four different reaction pathways of methylamine synthesis have been investigated, as depicted
in Figures 2-5. -

The first reaction pathway for methylamine formation: One methanol molecule is adsorbed
on the catalyst surface to yield ZOCHj, followed by the interaction of ammonia to yield MeNHo.

: Q@)€+xm @0

-1
< it
N . ' w2

ZOH
+CH,OH
+XH3
...... l B i IR ' 208
8Ly, +CH;NH,
8ELuy | § apl,  tHO

Figure 2. Path I One CH;OH is adsorbed on ZOH, ZOCHj; generated, and the interaction of NH;
with ZOCHj to yield methylamine.

The first reaction mechanism involves only one CHi:OH molecule adsorbed on the zeolitic
acid site, ZOH/CH;0H (see ads.I.1, Figure 2) which is then dehydrated and leaves a methyl group
attached to the zeolite basic oxygen, ZOCHa. '
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The adsorption energies of ZOH/CH;0H were found to be -56.48 and -77.32 kJ/mol for 3T

cluster models at HF and B3LYP levels of theory, respectively, which is in agreement with other
| theoretical values ranging from -56 to -89 kl/mol [2,7,8] depending on the method and cluster
size employed. Sauer’s HF estimate of the adsorption energy of the large cluster (11T model
fragment of faujasite) was -83.0 kJ/mol after correction for electron correlation, ZPE and BSSE.
Experimental estimates of the heat of adsorption in acidic zeolites range from -63 [15] and -110
to -120 kJ/mol [ referenced in ref. 2].

Parameters 3T la 1 lc 1d le 1f
Al-01 19467  150.80 18945 17955  180.0l 18270 182.71
Al-02 173.89  177.18 17669  183.14  182.78 180.57 179.35
01-H1 9730 10136  103.34 - 173.52 14887 15113
01-03 - 25328  253.45 - 27272 38263  461.78
02-03 - 26796  372.47 - 398.68 26746  553.16
03-H3 - 9843  101.38 - 96.74 99.84 96.81
O1-N - - 406.18 26398  361.00 -25968  259.27
02-N - - 29977  256.69  260.72 37921 26822
03-N - - 265.38 - 25872 26275 28499
02-H3 - 181.22 340.31 - 487.34 168.09 62088
02-H4 - - 19782 147.35 150.89 33332  371.66
N-H1 - - 331.31 - 274.99 110.81 109.61
N-H4 - - 102.81 11077  109.87  106.16  103.57
0O1-Al-02 89.66 97.84 10233 97.88 103.20 104.86 98.23
O1-H1-03 - 157.51 177.90 - 175.70 116.14  139.10
Ol-H1-N - . 130.57 - 10520 17956  167.71
02-H3-N - - 61.73 - 31.27 108.71 -
02-H4-N - - 17082 16696  178.00  107.62 -
03-H4-N - - 7034 - 59.45 15999 17232
Al-O1-H1 - 11335 12280 - 131.69 125.00 105.94
Al-02-H4 - - 12103 10578  120.04 96.47 99 44
Al-01-03 - 9822  124.04 - 130.12 8158 13447
Al-02-N - - 12789  100.19 12088 80.99 98.50
-AE (kJ/mol) - 77.31 13240  101.61 151.27 14804 13280

Table 1: Optimized structure parameters (distances in pm and angles in deg.) and binding
energies (kJ/mol) for different adsorption complexes (cf. Figure 1).

The activation energy, AE_ , is quite high, +245.79 kJ/mol. However, this value compares well
with the results of Sinclair and Catlow [5] 250 and 244 kJ/mol at the DFT/DZVP and DFT/DZVP
levels of theory, respectively. The high value of AEl, indicates that this catalytic route may

therefore only play a minor role in methanol activation over acidic zeolites. A similar conclusion
for DME formation from methano!l has been noted by Catlow group [5].



The optimized geometrical parameters of zeolitic clusters with methylamine are reported for
the first time and summarized in Table 1. The results for the surface complex cluster indicate that
" the adsorbed methylamine interacts strongly with the Bronsted acid sites of zeolite and form
protonated methylamine cation, [CH;NH:]", on the catalytic surface with the adsorption energy
of -101.61 kJ/mol . The change in the structural parameters of zeolite upon complexation with
methanol are impressive. The results are in line with Gutmann's rule [16], i.e. a lengthening of the
bridging O-H bond, a shortening of Al-O adjacent to this bond, and a lengthening of Al-O (not
adjacent to it).

The intermolecular O-H...N hydrogen bond in the ZOH/MMA complex, [H3SiOAI{OH),
OSiH3]/[CH3NH;3]", is evaluated to be 256.69 pm, less than that found in the neutral
complexes. The contracted intermolecular distance of the complex reflects an increase of the
binding energy (-101.61 versus -83.56 kJ/mol). The energy for conversion of [H3;SiOAl(OH),
OSiH:]/[CH;NH;]" to [H3SiOHAI(OH),0SiH;:)/{CH;NH;] is -18.05 ki/mol. The result implies
that the desorbed CH;NH; is difficult to generate without the help of other adsorbates, e.g. NH;

molecules in this study.

The second reaction pathway for methylamine formation: Simultaneous adsorption of
CH:OH and NH; on ZOH generating TS structure for methylamine formation
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Figure 3. Path II: Simultaneous adsorption of CH;OH and NH; on ZOH, generating a transition
state structure for methylamine formation.

Structures of adsorption reactants, adsorption surface methoxy intermediates, and the
adsorption products are shown in Figure 3. Selected optimized geometrical structures are
tabulated in Table 1.



The starting adsorption reactants involve methano! and ammonia simultaneously adsorbed on
ZOH (ads.IL.1 in Figure 3). The adsorption energy ( AE, ) for this adsorption complex is found
to be -132.40 kJ/mol. Although no identical system has been published so far, our calculated

adsorption energy, AE . , of chemically different admolecules of methanol and ammonia should

be compared also to the adsorption energy of chemically identical admolecules of two methanol
molecules (-123.85 kI/mol (B3LYP) for 3T/[CH:OH},). These energy values can also be
compared to the initial théoretical investigations of adsorption energy of two methanol molecules
at the zeolitic surface [2,7-8]. Gale’s DFT/BLYP estimated adsorption energy of the two
methanols was -119.16 ki/mol for 4Tcluster model {8]. Limtrakul [7] reported similar adsorption
energies of -56.48 kI/fmol for the first and -35.52 kJ/mol for the second methanol from
calculations at the HF theoretical level.

In order to search for the transition state complex of methylamine formation, the preferred
configuration, (ads.I1.2, Figure 3), has to be selected. This adsorption complex, ads.I1.2, can be
achieved by rotating the methano! molecule in such a way that the methyl group can be attached
by the nucleophile, NH;. The structure of transition state may be derived from the Sy2 reaction
between the methoxonium cation and nucleophile NH;. The activation energy barrier related to
the adsorption complex, ads.I1.2 is evaluated to be -126.09 kJ/mol, which is less stable than the
ads.I1.1 by 57.47 k¥/mol. The overall activation energy barrier related to the ads.IL1 for this
reaction route becomes 183.56 kJ/mol. The activation energy at B3LYP/6-311G+(3df 2p)//
B3LYP/6-31G{(d) level of theory was 171.98 kJ/mol, which is about 12 kJ/mol lower than the
fully optimized B3LYP/6-31G{d} structure.

The third reaction pathway for methylamine formation: Methanol and Ammonia are
simultaneously adsorbed on ZOH generating ZOCH; ,which interacts with the ammonia promoter
to yield methylamine.

The side-on MeOH/NH; adsorption, ads.lI1.2 (Figure 4) is supposed to be the precursor for
the formation of surface methoxy intermediate, adsIIL4, which may further interact with
ammonia to yield methylamine. However, the most stable adsorption reaétants, ads.1II.1, where
ammonia is adsorbed on the zeolitic acid site, is about 40 kJ/fmol more stable than the side-on
MeOH/NH; adsorption {ads.Iil.2). The AE., which is related to ads.III.1 is found to be 197.10

kJ/mol. This activation energy barrier is very much lower than AE!, obtained from the first type of

reaction pathway. It is clearly due to the lesser strain in the transition-state structure, ts.II1.1. The
three-center angle of the transition-state structure is calculated to be ca. 1700_, which is close to
the optimum angle of 180° for an Sx2 mechanism. The result indicates that the influence of the

adsorbed ammonia is to significantly decrease AE., which enhances the methylation reaction.

Due to the lower activation energy, AE., , as compared to AE!, of the first reaction route, this

reaction route may play a significant role in methylamine synthesis.”
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Figure 4. Path lII: Both CH;O0H and NH; are adsorbed on ZOH, ZOCH; is generated via Sy2
with the help of the promoter NHs, and the interaction of NH; with ZOCHj to yield methylamine
formation.

The fourth reaction pathway for methylamine formation: Eley-Rideal mechanism where only
NH; is adsorbed on the Brensted acid site, followed by CH;0H binding to the adsorbed NH;,
generating TS structure.
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Figure 5. Path IV: Only NHj is adsorbed on the Brensted acid site, CH3;0H is bound to the
adsorbed NHj, generating transition state structure which is converted to methylamine formation.

The aforementioned second and third reaction pathways, which involve the binding of both
methanol and ammonia to Brensted acid sites, follow a Langmuir-Hinshelwood mechanism.



In contrast, the last reaction pathway is dictated by the Eley-Rideal mechanism where only NH; is
adsorbed on the Brensted acid site, followed by CH;OH binding to the adsorbed NH: To obtain
the desired product, methoxonium cation is first generated via the Eley-Rideal precursor
complex, which then reacts with ammonia, and loses water to yield a protonated methylamine.
AE” related to the Eley-Rideal configuration is found to be 183.85 kJ/mol.

CONCLUSIONS

We conclude that paths 1L, III, IV are the suggested reaction pathways, but paths (II and IV)
involving the associative mechanism are the more preferred reaction routes due to a lower
activation energy as compared to the path III. The results obtained in the present study are very
useful from the experimental point of view, since the adsorption and coadsorption processes on
the surface site are found to play a significant role in the catalytic process.
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Chemical Engineering Department, Kasetsart University. In close collaboration with
Chemical Engineering Depariment at Washington University, USA.

Industrial appiications of zeolite cafalysis.

Chemistry Department, University of Utah, Utah , USA.

Development and Exploration of embedded Cluster Approach and Direct Dynamics for
heterogeneous catalysis

Laboratory for Molecular Spectroscopy, Bordeaux University, France.

Surface Characterization of Advanced Materials

Institutes of Inorganic and Theoretical Chemistry, University of Innsbruck and University of
Vienna.

Computer Simulations of Surface Physical Chemistry and Drug Design.

Molecular Simulations Inc., Sydney, Australia.

Computer Aided Matenals and Drug Design.

Institute of Physical Chemistry & Electrochemistry, University of Karlsruhe, Gemmany.

Development and Exploration of Computational chemistry codes.
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Computer Simulations of Surface Physical Chemistry and Drug Design.

® Molecular Simulations Inc., Sydney, Australia.
Computer Aided Materials and Drug Design.

® |nstitute of Physical Chemistry & Electrochemistry, University of Karlsruhe,
Germany.

Development and Exploration of Computational chemistry codes.
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AMANUIN -

The Surface Structure and Catalytic

Properties of Zeolite and Molecular Sieve
Catalysts

Pl: Jumras Limtrakul

Chemistry Department, Faculty of Science, Kasetsart University

Executive Summary

Rational catalyst design, notably zeolites and molecular sieves, represents one of the most
rewarding challenges in catalysis research. Zeolites possess three dimensional microporous
crystalline solid. Their catalytically active acid-sites within the complex porous framework
structure provide unique properties that make them very attractive industrial materials. They play
a significant role in chemicals and fuels production worth over $1000 billion per year. Zeolites
and molecular sieves can be failored or chosen to maximize the product of target molecules by
employing state-of-the-art techniques. Qur aim is fo develop strategies for tailoring the structural
and chemical properties of catalyst materials and to explore the potential of new catalytic
materials.
® Structures, energetics and vibrational frequencies of zeolitic catalysis : a comparison
between density functional and post-Hartree-Fock approaches Limtrakul, J. and Tantanak
D, J. Molecular Structure, 358 (1996) 179-193.
We have carried out LSD and NLSD functional methods with 3-21G, 6-31G*, 6-311G* and DZVP
basis sets to investigate the structures, energetics and vibrational frequencies for silanot,
disiloxane, and different zeolite clusters. Some smaller models have also been calculated at the
MP2 level. The individual geometrical parameters calculated at the BLYP and VWN levels with a
modestly sized basis sets (6-311G*) generally yield good results compared to MP2 with much
less computational effort. Comparing BLYP and VWN results with MP2, the former has a
significant lengthening effect on the weaker A-O bond which does not occur with the latter. The
Si-O(H}AI and Si-O-H bond angles of zeolites are not appreciably affected by the inclusion of
NLSD. However, the NLSD was found to be important for a better description of the floppy Si-O-
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Si bond angle for disiloxane. The proton affinity of H3SIOHAIH3, a widely employed modei of a
Brensted acid site in zeolites, is virtually identical to that of MP2/DZP and is also close to the
result from G1 theory within the desired 10 kJ moi-1 accuracy. For this cluster model, the BLYP
VOH value is calculated to within 130 cm-1 of the experimental value. We expect that the same
accuracy from the BLYP/6-311G™ procedure will be applied to larger zeolite clusters in the
future.
® Structures and potential energy surface of Faujasitic zeolite/water

Limtrakul, J. and Treesukol, P., Chemical Physics, 215 {1997) 77-87.
We have presented a density functional study of faujasitic zeolites and their complexes with
water using the B3LYP functionals and the basis sets 6-31G(d), 6-31G(d.p), 6-311G(d}, 6-311G
(d,p) and 6-311+G(d,p). The agreement between DFT/B3LYP-6-311+G(d,p) proton affinities and
the comesponding CPF and G1 values are excellent. Comparing the older BLYP and VWN
functionals, with the recently introduced B3LYP functionals, the latter yields superior accuracy.
This artificial significant lengthening effect on the weaker AI-O bond in the BLYP and VWN
calculations does not occur with B3LYP. The Si-O(H)-Al and Si-O-H bond angles of zeolites do
not appreciably depend on the inclusicn of non-local effects in the density functional. The 6-31G
(d) basis set in DFT prediction of the faujasitic structure yields good results and is an economic
choice for large systems. The predicted PA of the faujasitic catalyst is estimated to be 29413
kcal/mol, which is in the range of experimentally determined value of 291-300 kcal/mol. The
faujasite catalyst/water structure is stabilized at the bridging O-H group by two H-bonds with
binding energy of -20.3 kcal/mol. Comparison with hydrogen halides and related complexes of
water demonstrates that the faujasite is a strong acid. An analytical potential for the interaction to
faujasitic zeolite with water was derived by fitting the ab initio interaction energies which we plan
to employ in simulations studies of petrochemical catalyst/water systems.
® (Coadsorption of ammonia and methanol on H-zeclites and alkaline-exchanged zeolites

Lirmtrakul J. and Onthong U. J. Molecular Structure 435 (1998) 181-192.
We have carried out HF and B3LYP methods with 6-31G* basis set to investigate the
coadsorption of methanol and ammonia on H-zeolites (H-Z) and alkaline-exchanged zeolites
(Na-Z). Comparing HF and B3LYP results with available experimental data, the B3LYP yields
structural parameters which are in good agreement with experimental data. The Al.._H distance

of zeolite has been estimated experimentally as 23814 pm, where as our B3LYP value is 239.7
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pm. A comprehensive study of the coadsorption of absorbate molecules with the surface
hydroxyl reveals several interesting points. Structure Na-ZfCH3OH][NH3] is lower in energy
than Na-Z[ NH3] [CH3OH], which suggests that the former is more favourable in the
coadsomtion process. The reaction mechanism of coadsorption of methanol and ammonia on H-
Z is that the ammonia is found to stabilize to the Bridnsted acid site of H-Z, generating an
ammonium catibn. which acts as an active site for methanol.
® (ationic, structural, and compositional effects on the surface structure of zeolitic
aluminosilicate catalysts
Limtrakui, J. and Tantanak , J. Chemical Physics, 208 (1996) 331-340.

The cationic, structural and compositional effects on the structure and bonding of
different types of =Si-OH-AI= units in the secondary building unit of zeolite cluster models
(OH)BRyAIxSIB-xO12){x-y)- (x, y=0, 1, 2, 4) and the silica model (OH)8Si8012 have been
investigated with the DFT method. Full optimization of all mentioned structural isomer clusters
have been caried out at VWN/6-31G* and BLYP/6-31G*. All isomers of the double four-
membered ring aluminosilicate (D4R) demonstrate that Dempsey’s rule may be violated in this
type of zeolite. The well-known Loewenstein's =Al-0-AlI= avoidance rule has been once again
confirmed by us. The results of D4R with varying Si/Al ratio indicate that the higher the ratio, the
lesser the proton is restricted which results in a higher acidic strength. The cations, H+ and Li+,
are found to have a profound effect on the important structural parameters (Si-O, Al-O, O-H
bonds and SiOHAI angle) of D4R. The marked difference between the cations is that the H+ is
singly bonded while the Li+ is doubly bonded to the framework. This excellent results indicate
that the catalytic activity of zeolites is also enhanced by the presence of cations, in addition to a

compositional effect.

25/9/98C:\Grad-studentJurnras\ TRATRF hnalreport.doc



	PUG4180005_s01
	PUG4180005_s02

