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An ONIOM study of amines adsorption in H-[Ga]MOR
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Abstract

The two-layered ONIOM method (B3LYP/6-31G(d,p):HF/3-21G) is used to study the interaction of amines (NH3, MeNH2, Me2NH and
Me3N) with H-[Ga]MOR. The optimization of the local structure of H-[Ga]MOR cluster leads to two stable bridging hydroxyl sites (O10H
and O2H) in the zeolite framework, being different from that of H-[Al]MOR. In the adsorption complexes, all amines are protonated by the
acidic proton of H-[Ga]MOR, and the protonated amines (HNR3

+) are stabilized by hydrogen bonds between the negatively charged zeolite
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xygen atoms and the hydrogen atoms of the NH and C H bonds in the adsorbates. This interaction is confirmed by the structure
dsorption complexes as well as the calculated IR stretching frequencies. The calculated adsorption energies of amines agree rea

he available experimental data. It is found that NH3 prefers to adsorb at the O2H Brønsted site, while Me2NH and Me3N prefer to adsor
t the O10H site, and MeNH2 can be in equilibrium between O2H and O10H. The relative order of the basicity of amines on the basis o
omputed adsorption energies agrees well with the experiments, but differs from those in the gas phase (proton affinity) and in solvKa).
2005 Elsevier B.V. All rights reserved.
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. Introduction

Zeolites are extensively used as catalysts for chemical in-
ustries due to their Brønsted acidity and shape-selectivity.
or zeolites to have desired catalytic activity, selectivity and
tability, it is necessary to modify the pore structure and the
cidity by incorporation of other elements, such as B, Ga, Fe,
tc. into the framework. For example, Ga modified HZSM-5

s very efficient for alkylation of benzene with propene[1],
S-1 zeolites are known for their increased catalytic activity

n selective oxidation[2], and MFI type zeolite containing Fe
lement in its framework shows good performance in benzene
xidation[3].

The acidity of zeolites is experimentally estimated by
tudying the adsorption of probe molecules such as ammo-
ia[4,5] and pyridine[6,7] on their bridging hydroxyl groups

∗ Corresponding author. Tel.: +86 3514046092; fax: +86 3514161578.
E-mail address:iccjgw@sxicc.ac.cn (J. Wang).

using IR and NMR spectroscopic methods. This interac
within zeolite is a critical step in the catalytic process,
strongly affects the catalytic activity and selectivity of
action and separation efficiency. Thus a better unders
ing of adsorption behavior of probe molecules in zeo
is of considerable importance for adsorptive and cata
properties of zeolites. As a result, the investigations of
molecules adsorbed in the acid center have been the to
many studies, i.e. chemisorption of base molecules stu
by temperature-programmed desorption to obtain info
tion of the acid sites.

NH3 is one of the most frequently used probe mole
for the acidity of zeolite. It becomes NH4+ in H-type zeo
lites and there formed several NH···O hydrogen bonds i
the [ZeO−···NH4

+] ion-pair. The successive replacemen
hydrogen atoms in NH3 by methyl groups can produce thr
amines (MeNH2, Me2NH and Me3N) with enhanced basi
ity and bulky structures, which are expected to have diffe
types and strength of interactions with the zeolite framew
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Fig. 1. The structure of mordenite unit-cell viewed down thec-axis (T1–T4

and O1–O10 are designated. Note that O2 and O5 sites are superposed in a
projection along thec-axis).

This is clearly shown by the study of Su and coworkers[8,9]
on the interaction of MeNH2 with several alkali cation ex-
changed large pore zeolites.

A number of theoretical methods have been proposed to
study the interaction of base molecules with zeolite. In order
to model the features of real systems, a large enough system
and highly accurate ab initio method should be used. How-
ever, application of accurate ab initio methods to large system
is time-exhausting and sometimes impossible. An effective
method to this problem is the hybrid method, such as em-
bedding method[10,11]or the combined quantum mechan-
ical and molecule mechanical method (QM/MM)[12,13].
Sauer et al. have successfully used PM-Pot scheme on ZSM-5
[14,15], as well as the more general ONIOM method by Mo-
rokuma and coworkers[16–18]has brought accurate results
to large systems. For example, Kasuriya et al. have succes-
sively applied ONIOM method to the interaction of aromatic
hydrocarbons with H-FAU[19]. It is also applied to the study
of chemical reactions[20–22].

In this work, we focus on mordenite (MOR), which is a
particularly useful catalyst for several applications includ-
ing cracking and isomerization ofn-alkanes[23,24]. It has
been shown that the elements such as B, Ga, and Zn, can be
introduced into the MOR framework[25,26]. As shown in
Fig. 1, MOR has a multiple pore-system with main channels
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type and strength of interaction of H-[Ga]MOR with different
amines. This provides the opportunity to develop new probe
molecules for acidity and basicity of zeolites.

2. Models and methods

2.1. Models

The coordination of the atoms in this work is taken from
the structure of Na-MOR[28]. A 20T model is employed
to represent the acid sites and pore structure of MOR, as
shown inFig. 2a, which contains 20 SiO4 tetrahedron cen-
ters (20T) and includes a complete two-layered 12-membered
ring. In this cluster a Ga atom replaces the Si atom at one of
the T4 site. To maintain the charge neutrality of the clus-
ter, a charge-balancing proton is produced. The proton was
initially put in a position where it is at almost the same dis-
tance from the three oxygen atoms around the Ga center.
The optimization of this initial structure leads to two stable
clusters A and B (seeFig. 2b and c), in which the charge-
compensating proton is attached to O10 and O2, respectively.
Terminal hydrogen atoms are used to saturate the peripheral
oxygen atoms in the cluster. The OH distances are 1.0̊A,
and the orientation of OH bonds is along the pre-existing
O tion
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f 12-membered rings that are connected by 8-memb
ings. In the unit cell, there are 10 different oxygen s
O1–O10) and four crystallographic different tetrahedral s
T sites, T1–T4) at which Al or Ga can be substituted. E
ier theoretical study showed that Ga prefers T4 site when
eplacing Si in the MOR framework[27]. Here we use th
wo-layered ONIOM (ONIOM2) method to study the str
ure of H-[Ga]MOR, and its interaction with different amin
NH3, MeNH2, Me2NH and Me3N). The adsorption energi
nd the IR frequencies are satisfactorily compared with
xperimental data. The goal of this work is to correlate
Si bonds. The clusters simulating the amine adsorp
n H-[Ga]MOR are constructed by the partially optimiz
0T clusters of H-[Ga]MOR and the free optimized amin
he amine molecules are put pointing to the 12-memb
ing with the nitrogen atom closing to the acidic pro
Hz).

.2. Methods

All calculations in this work are performed by using Ga
ian 03 program[29] and the ONIOM2 method. In th
NIOM model, the whole system is divided into two diff
nt layers, which are described by two different method

he bare cluster of H-[Ga]MOR, the 6T model (shown as
nd stick inFigs. 2–4) forming the high-layer is described
3LYP/6-31G(d,p) level, and the rest of the clusters form

he low-layer is treated at HF/3-21G level. In the adso
omplexes, the probe molecules are also included in the
ayer, and this ONIOM2 model can ensure that all the in
ctions between the adsorbates and zeolite framework

ncluded in the high-layer. In order to avoid chemical unr
ty, three linking H atoms are introduced to replace Si at
etween two layers.

The 20T cluster for the structures of H-[Ga]MOR is p
ially optimized with the acid sites and their neighboring
nd Ga as well as the oxygen atoms surrounding Ga rel
hile the rest atoms are fixed to their crystal positions, res

ively. To optimize the adsorbed complexes, the param
f the adsorbate molecule and the atoms described ab

he bare H-[Ga]MOR clusters are relaxed with the rest o
lusters fixed.
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Fig. 2. 20T clusters simulating the structure of H-[Ga]MOR: (a) initial struc-
ture; (b) cluster A with charge-compensating proton attached to O10; (c)
cluster B with charge-compensating proton attached to O2.

The adsorption energy (�Eads) is defined as the energy
difference between the adsorption complexes and the indi-
vidual 20T cluster and amine molecule, and is calculated
by: �Eads= (Eadsorbate+E20T) −E20T-adsorbate. To calculate
IR frequencies of the adsorbed states, the 6T clusters cut from
the high-layer of the ONIOM2 adsorption complexes (see
Fig. 5) are used. Geometry optimizations and frequency cal-
culations on these 6T complexes are performed at B3LYP/6-
311G(d,p) level, and all calculated frequencies given in this
work are scaled by 0.9613[30].

3. Results and discussion

3.1. The local structure of H-[Ga]MOR

Table 1presents the calculated bond lengths of the local
structure of clusters A and B with Brønsted acid site located
in O10 and O2 sites. It is shown that the distance between
Ga and the hydroxyl oxygen atom (RGa O10 andRGa O2) is
longer than the other two GaO bonds in both A and B, indi-
cating that the attaching of the charge-compensating proton
somewhat affects the fine structure of the zeolite around it.
It is also found that the bond length of the bridging hydroxyl
group (RO10 Hz) in A is 0.004Å longer than that (RO2 Hz)
in B, which means that the acidity of A is stronger than that
o by
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c the
e res.
U fer-
e ium
o

3

ased
o -
e k
[
g e
f e be-
t pro-
t

T
S heir
r

R
R
R
R
E

esig-
n

f B. However, B is computed to be more stable than A
.6 kcal/mol (Table 1), indicating that B is more energe
ally favored than A. This should be the upper limit of
nergy difference between two hydroxyl bridged structu
nder fully relaxation and without any constrains, this dif
nce will become small, indicating the possible equilibr
f these two structures[31].

.2. Adsorption of amines in A

The structure of the amines adsorption complexes b
n cluster A is shown inFig. 3 and the bond length param
ters are reported inTable 2. As found in a previous wor

32], NH3 becomes NH4+, and there are three NH···O hydro-
en bonds between hydrogen atoms of NH4

+ and the zeolit
ramework. Upon the adsorption of amines, the distanc
ween bridging oxygen atom and charge-compensating
on (RO10 Hz) has changed from 0.980 to 1.717–2.031Å,

able 1
elected bond lengths (Å) of the Brønsted sites in clusters A and B and t

elative total energiesa

A (O10H) B (O2H)

O10 Hz (RO2 Hz) 0.980 (0.976)

Ga O10 (RGa O2) 1.820 (1.928)

Ga O2 (RGa O2′ ) 1.780 (1.820)

Ga O2′ (RGa O10) 1.776 (1.743)

relat. (kcal/mol)b 0.0 −3.6
a The numbering of the atoms follows the crystallographic number d
ated inFig. 2.
b The relative total energy of clusters A and B.
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Fig. 3. Structures of the adsorption complexes of amines in A: (a) NH3/A; (b) MeNH2/A; (c) Me2NH/A; (d) Me3N/A.

and the distance between the amine nitrogen atom to proton
becomes1.036–1.060̊A. These data indicate that the proton
has been transferred from the Brønsted acidic sites of the
zeolite framework to the adsorbed amines to form ammo-
nium ions ([HNR3]+), and there is strong hydrogen bond
interaction between the protonated amines and the nega-
tively charged zeolites framework with OH distances rang-
ing from 1.717 to 2.031̊A.

In addition to this interaction, there exist additional hy-
drogen bonds between these ion-pair structures. In MeNH2,
Me2NH and Me3N molecules, since one or more hydrogen
atoms are substituted by methyl groups, producing molecules
with larger size as compared with NH3, and therefore more
hydrogen atoms become closer to oxygen atoms of the zeolite
framework. Apart from the interactions between lattice oxy-
gen atoms and the hydrogen atoms bonded to nitrogen, the hy-

drogen atoms of the methyl groups can also interact with zeo-
lite lattice oxygen atoms, i.e. [HNR3]+ is stabilized by NH···O
and CH···O hydrogen bonds through the negatively charged
framework. The NH···O bond lengths of 1.642–1.692Å are
much shorter than that of the CH···O bonds of over 2.5̊A, in-
dicating that the NH···O bonds are stronger than the CH···O
bonds.

As a result of these interactions, the NH and C N bonds
of [HNR3]+ are elongated and the CH bonds become shorter
as compared with those of the free NR3 molecules. For
[MeNH3]+ and [Me2NH2]+ there are two strong CH···O hy-
drogen bonds, as found in the distances ofRO10 Hz (2.031
and 1.864̊A) andRO2 H1 (1.642 and 1.692̊A).

From the structure of the adsorption complexes (Fig. 3)
and the structural parameters reported inTable 2it can be
found that the main interactions between the [HNR3]+ and
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Fig. 4. Structures of the adsorption complexes of amines in B: (a) NH3/B; (b) MeNH2/B; (c) Me2NH/B; (d) Me3N/B.

the zeolite substrates are included in the high-layer of the
ONIOM2 models, indicating that the ONIOM2 models used
in the present work are efficient in studying the adsorption of
amine molecules in H-[Ga]MOR zeolite.

3.3. Adsorption of amines in B

The structure of the amines adsorption complexes based
on cluster B is shown inFig. 4and the bond length parameters
are listed inTable 3. Similarly to the adsorption in cluster A,
all the amine molecules are protonated in B, and there are
hydrogen bonds interactions between the formed [HNR3

+]
and the negatively charged zeolite framework. Among the
formed hydrogen bonds, the NH···O interactions with OH
bond lengths of 1.526–2.051̊A are stronger than the CH···O
interactions with OH bond lengths of 2.453–2.936̊A.

It is interesting to compare the energy difference between
different amines adsorbed on A and B (Table 4). It is found
in a previous part that the bare B is more stable than A by
3.6 kcal/mol. As for the adsorption complexes, [NH4]+/B
is also more stable than [NH4]+/A by 2.3 kcal/mol. How-
ever, both [MeNH3]+/B and [MeNH3]+/A have the same en-
ergy. With two and three methyl groups replaced hydrogen
atoms, [Me2NH2]+/B and [Me3NH]+/B are less stable than
[Me2NH2]+/A and [Me3NH]+/A by 7.3 and 4.1 kcal/mol, re-
spectively. This energetic change shows the effect of the in-
troduced methyl groups to amine molecules and the type and
strength of the interaction between [R3NH]+ and the zeo-
lite framework upon the changes of the structure of probe
molecules. It is clearly shown that NH3 prefers to be ad-
sorbed on the acidic site in B, while Me2NH and Me3N prefer
to be adsorbed on the acidic site in A, and MeNH2 can be
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Fig. 5. The 6T cluster models used for frequency calculations of the adsorption complexes: (a) NH3/6T; (b) MeNH2/6T; (c) Me2NH/6T; (d) Me3N/6T.

Table 2
The selected bond lengths (Å) of the amines adsorption complexes in cluster Aa

NH3/A MeNH2/A Me2NH/A Me3N/A

RO10 Hz 2.126 2.031 1.864 1.717
RGa O10 1.766 1.770 1.776 1.780
RGa O2 1.869 1.871 1.870 1.843
RGa O2′ 1.863 1.841 1.838 1.836
RN Hz 1.030 1.036 1.042 1.060
RO2 H1(N) (RO2 H1(C)) 1.730 1.642 1.692 (2.406)
RO2′ H2(N) (RO2′ H2(C)) 1.875 (2.820) (2.610) (2.534)
RO3′ H2(C) – 2.426 2.584 2.762
RO7 H3(C) (RO2′′ H3(C)) – 2.660 2.972 (2.728)
RO3 H1(N) (RO3 H1(C)) – 2.832 2.935 (2.822)
RO2′ Hz (RO2′ ′′ H4(C)) – – 2.922 (2.810)
RN H(av.)b 1.028 (1.018) 1.032 1.056 –

(1.017) (1.017)
RC N(av.)b – 1.493 1.488 1.496

(1.465) (1.457) (1.455)
RC H(av.)b – 1.090 1.091 1.090

(1.098) (1.099) (1.099)
a The numbering of the atoms follows those designated inFig. 3.
b The average length of all NH, C N or C H bonds, respectively, in the adsorbed state, and the data in parentheses are the values of the free molecules.
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Table 3
The selected bond lengths of the amines adsorption complexes in cluster Ba

NH3/B MeNH2/B Me2NH/B Me3N/B

RO2 Hz (RO10 Hz) 1.665 1.526 2.235 (1.995) 1.726
RGa O2 1.885 1.898 1.862 1.891
RGa O2′ 1.847 1.838 1.855 1.838
RGa O10 1.765 1.841 1.838 1.764
RN Hz 1.068 1.090 1.030 1.062
RO2′ H1(N) (RO2′ H1(C)) 1.993 (2.636) 1.768 (2.755)
RO10 H2(N) (RO10 H2(C)) 2.051 (2.453) (2.770) (2.268)
RO2′ H2(C) – 2.923 – –
RO3′ H1(C) – 2.736 – –
RO3 H3(N) (RO3 H3(C)) – 2.881 (2.508) –
RO7′ H4(C) (RO2′ H3(N)) – – 2.936 (2.297)
RO7 H3(N) (RO7 H4(C)) – 2.796 – (2.382)
RO10 Hz (RO7′ H4(C)) – – 1.950 (2.782)
RN H(av.)b 1.029 1.023 1.052 –

(1.018) (1.017) (1.017)
RC N(av.)b – 1.499 1.488 1.496

(1.465) (1.457) (1.455)
RC H(av.)b – 1.089 1.090 1.090

(1.098) (1.099) (1.099)
a The numbering of the atoms follows those designated inFig. 4.
b The average length of all NH, C N or C H bonds, respectively, in the adsorbed state, and the data in parentheses are the values of the free molecules.

in equilibrium between A and B. Based on these data, it can
be declared that the ammonium ions ([R3NH]+) interact with
the negatively charged (deprotonated) A more strongly than
B. This is also reflected by the adsorption energies discussed
in the next part.

3.4. Adsorption energies

The calculated adsorption energies (�Eads) for NH3,
MeNH2, Me2NH and Me3N in H-[Ga]MOR are given in
Table 4, and the proton affinities, compared with their ex-
perimental values as well as the corresponding pKa of their
conjugate acid are also presented. It is worth noting that since
there is small difference between the acid strength of H-
[Ga]MOR and H-[Al]MOR, we use the experimental values
of the amines adsorption energies in H-[Al]MOR as standard
to validate our results.

From the proton affinity (PA) of free amines in
Table 4, it can be seen that in the gas phase, the rela-
tive basicity of these amine molecules follows the order:

NH3 < MeNH2 < Me2NH < Me3N, due to the inductive ef-
fect of alkyl groups. While on the basis of the pKa of
their conjugate acids[33], the basicity increases in the or-
der: NH3 < Me3N < MeNH2 < Me2NH, which resulted from
the solvent effects. Here, when measured by their adsorp-
tion energies on acidic zeolites, the basicity of these amines
increases in the order of NH3 < MeNH2 < Me3N < Me2NH,
which is in agreement with the order of their experimental
adsorption energies in acidic zeolites[34], but is different
from the basicity order in both the gas phase and solvents.
All three measurements identify NH3 as the least basic probe,
but the orders of the substituted amines differ from each other.
This difference reflects the role of counterion on one hand,
and on the other hand, the interaction between [R3NH]+ and
the counterion, which is the negatively charged framework in
zeolite. The interplay between [R3NH]+ and the negatively
charged zeolite framework includes not only the electrostatic
and hydrogen bonds interaction but also steric interaction.

The order of the adsorption energies of amines in H-
[Ga]MOR calculated in this work is the same as that in H-

Table 4
The adsorption energies of amines (kcal/mol) in the H-[Ga]MOR clusters (ZeOH) of A and B, proton affinities (kcal/mol) of the free amines, compared with
their experimental values and the corresponding pKa of the conjugate acid of amines

NH3/ZeOH MeNH2/ZeOH Me2NH/ZeOH Me3N/ZeOH

� a 0.0
� 4.6
� 1.0
� 7.8
� 7.6
P 4.1
P 3.3
p 0.6

mpared
ectivel
Erelat −2.3
Eads(calc. A) 42.2 4
Eads(calc. B) 40.9 4
Eads(Expt. [34])b 38.2 4
Eads(calc.[35])b 32.4 3
A (Expt.[37]) 204.0 21
A (calc.[38]) 202.4 21
Ka [33] 9.3 1
a The relative total energies of the adsorption complexes in B as co
b The experimental and calculated�Eadsof amines in H-[Al]MOR, resp
7.3 4.1
56.2 50.2
45.3 42.6
53.8 52.6
45.7 44.5

220.6 225.1
220.5 224.9
10.7 9.7

for A.
y.
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Table 5
B3LYP/6-31G(d) stretching frequencies of NH and C H bonds of amines in the gas phase and adsorbed states in Aa

NH3(g)b NH4
+(g)b NH4

+(ads) �υc

N H 3431, 3430, 3303 3351, 3349, 3348, 3233 3438, 3119, 3055, 2865 87,−230,−293,−368

MeNH2(g) MeNH3
+(g) MeNH3

+(ads) �υ

N H 3411, 3331 3344, 3343, 3261 3379, 2875, 2739 35,−468,−522
C H 2998, 2960, 2855 3096, 3096, 3095 3095, 3062, 2981 −1, −34,−15

Me2NH(g) Me2NH2
+(g) Me2NH2

+(ads) �υ

N H 3359 3334, 3283 3336, 2874 2,−409
C H 2997, 2996, 2951, 2950, 2833,

2826
3087, 3086, 3083, 3083, 2988,
2986

3214, 3191, 3176, 3171, 3089,
3083

3, −19,−30,−35,−19,−23

Me3N(g) Me3NH+(g) Me3NH+(ads) �υ

N H – 3298 2682 −616
C H 2999, 2999, 2994, 2958, 2953,

2953, 2824, 2807, 2806
3079, 3079, 3079, 3077, 3076,
3075, 2985, 2981, 2980

3109, 3081, 3077, 3072, 3057,
3054, 2980, 2969, 2965

30, 2, −2, −4, −19, 2, −5,
−12,−15

a All the frequencies presented here have been scaled by 0.9613.
b Ref. [35].
c �υ is the frequency shift between amines adsorbed in H-[Ga]MOR and free protonated amines.

[Al]MOR of our earlier calculation data[35]. It is interesting
to note that the calculation results in this work also agree well
with the experimentally determined adsorption energies for
H-[Al]MOR [34]. The averaged difference for the most sta-
ble complexes is 2.7 kcal/mol on one hand, and on the other
hand, this nice agreement provides the opportunity to iden-
tify the most favored acidic site to adsorb amines. For NH3,
NH4

+/A has larger�Eads, but is less close to the experimen-
tal value than NH4+/B, and the latter structure is more stable
than the former. Therefore B is the most favored site for NH3
adsorption. For Me2NH and Me3N, both Me2NH2

+/A and
Me3NH+/A have�Eadsmore close to the experimental val-
ues and are more stable than Me2NH2

+/B and Me3NH+/B.
Therefore, A is the most favored site for Me2NH and Me3N
adsorption. However, for MeNH2, both MeNH3

+/A and
MeNH3

+/B have the same total energy, and the adsorption
energies�Eads from A and B is close to each other, thus
MeNH2 can be in equilibrium between A and B. These
results show the correlation between structure/energy and
acidity.

In addition, the calculated adsorption energies for
amines/H-[Al]MOR < amines/H-[Ga]MOR, parallels the or-
der of NH4

+/[Al]ZSM-5 < NH4
+/[Ga]ZSM-5 [36]. This en-

ergetic changes are reflected by the structural parameters of
the adsorption complexes of NH3 in H-[Ga]MOR and H-
[ nd
i and
2
[ n in
t t the
h
p
p s
t
[ r
[ n-

ergies of amines depend not only on the energy of de-
protonation of the zeolite (the acidity of the zeolites) but
also on the proton affinities of amines and the interaction
energy of the ammonium ion with the negatively charged
framework.

3.5. IR frequencies

The adsorption energy is considered as one of the most
valuable data obtained from experimental observation which
can be used to validate the theoretical results[19]. Thus we
used 6T clusters (Fig. 5) cut from the adsorption complexes
based on A, which gives the adsorption energies much closer
to the experimental data, to carry out frequency analysis cal-
culations. These 6T clusters representing the adsorption com-
plexes are cut from the high layer of ONIOM2 models in
which all the interactions are included, and are optimized at
B3LYP/6-31G(d,p) level. The calculation results are listed in
Table 5. In order to analyze the interaction of amines with
the zeolite framework, it is necessary to compare the IR fre-
quencies of free R3NH+(g) with the adsorbed R3NH+(ads).
It is to be noted that the IR frequencies of free R3N(g) and
free R3NH+(g) published previously[35] are also given here
only for comparison.

The strength of the interaction between R3NH+ and the
z
a s
g
b with
t
f
M e
c
d d-
i
m ifted
Al]MOR. For example, most of the bond lengths of H-bo
nteractions are shorter in H-[Ga]MOR (A: 1.730, 1.875
.126Å) than that in H-[Al]MOR (2.408, 2.037 and 1.586Å)

35], indicating the stronger interaction in the former tha
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