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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 amingsMRNH,, Me;NH and
MesN) with H-[Ga]MOR. The optimization of the local structure of H-[Ga]MOR cluster leads to two stable bridging hydroxy! sjtes (O
and QH) in the zeolite framework, being different from that of H-[AI]MOR. In the adsorption complexes, all amines are protonated by the
acidic proton of H-[Ga]MOR, and the protonated amines (HNRre stabilized by hydrogen bonds between the negatively charged zeolite
oxygen atoms and the hydrogen atoms of theH\and C-H bonds in the adsorbates. This interaction is confirmed by the structure of the
adsorption complexes as well as the calculated IR stretching frequencies. The calculated adsorption energies of amines agree reasonably wit}
the available experimental data. It is found thatJ\#efers to adsorb at the,8 Brgnsted site, while M@&NH and MgN prefer to adsorb
at the QgH site, and MeNH can be in equilibrium between8 and QgH. The relative order of the basicity of amines on the basis of the
computed adsorption energies agrees well with the experiments, but differs from those in the gas phase (proton affinity) and inksglvents (p
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction using IR and NMR spectroscopic methods. This interaction
within zeolite is a critical step in the catalytic process, and

Zeolites are extensively used as catalysts for chemical in- strongly affects the catalytic activity and selectivity of re-
dustries due to their Brgnsted acidity and shape-selectivity. action and separation efficiency. Thus a better understand-
For zeolites to have desired catalytic activity, selectivity and ing of adsorption behavior of probe molecules in zeolites
stability, it is necessary to modify the pore structure and the is of considerable importance for adsorptive and catalytic
acidity by incorporation of other elements, such as B, Ga, Fe, properties of zeolites. As a result, the investigations of base
etc. into the framework. For example, Ga modified HZSM-5 molecules adsorbed in the acid center have been the topic of
is very efficient for alkylation of benzene with propejig, many studies, i.e. chemisorption of base molecules studied
TS-1 zeolites are known for their increased catalytic activity by temperature-programmed desorption to obtain informa-
in selective oxidatiofi2], and MFI type zeolite containing Fe  tion of the acid sites.
elementinits framework shows good performance inbenzene NHs3 is one of the most frequently used probe molecule
oxidation[3]. for the acidity of zeolite. It becomes N in H-type zeo-

The acidity of zeolites is experimentally estimated by lites and there formed severab-N---O hydrogen bonds in
studying the adsorption of probe molecules such as ammo-the [ZeO ---NH4*] ion-pair. The successive replacement of
nia[4,5] and pyriding6,7] on their bridging hydroxyl groups  hydrogen atoms in Nglby methyl groups can produce three

amines (MeNH, Me;NH and MgN) with enhanced basic-
* Corresponding author. Tel.: +86 3514046092; fax: +86 3514161578, ity and bulky structures, which are expected to have different

E-mail addressiccjgw@sxicc.ac.cn (J. Wang). types and strength of interactions with the zeolite framework.
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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-MOR28]. A 20T model is employed
to represent the acid sites and pore structure of MOR, as
shown inFig. 2a, which contains 20 Siptetrahedron 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
This is clearly shown by the study of Su and coworKér9] clusters A and B (seEig. 2b and c), in which the charge-
on the interaction of MeNElwith several alkali cation ex-  compensating proton is attached tgp@nd G, respectively.
changed large pore zeolites. Terminal hydrogen atoms are used to saturate the peripheral

A number of theoretical methods have been proposed tooxygen atoms in the cluster. The-8 distances are 1A,
study the interaction of base molecules with zeolite. In order and the orientation of ©H bonds is along the pre-existing
to model the features of real systems, a large enough systenD-Si bonds. The clusters simulating the amine adsorption
and highly accurate ab initio method should be used. How- in H-[Ga]MOR are constructed by the partially optimized
ever, application of accurate ab initio methods to large system 20T clusters of H-[Ga]MOR and the free optimized amines.
is time-exhausting and sometimes impossible. An effective The amine molecules are put pointing to the 12-membered
method to this problem is the hybrid method, such as em- ring with the nitrogen atom closing to the acidic proton
bedding method10,11] or the combined quantum mechan- (Hz).
ical and molecule mechanical method (QM/M¥)2,13]
Sauer etal. have successfully used PM-Pot scheme on ZSM-3.2. Methods
[14,15] as well as the more general ONIOM method by Mo-
rokuma and coworkelld 6—18]has brought accurate results All calculations in this work are performed by using Gaus-
to large systems. For example, Kasuriya et al. have successian 03 progranf29] and the ONIOM2 method. In this
sively applied ONIOM method to the interaction of aromatic ONIOM model, the whole system is divided into two differ-
hydrocarbons with H-FAU19]. Itis also applied to the study  ent layers, which are described by two different methods. In
of chemical reactionR20-22] the bare cluster of H-[Ga]MOR, the 6T model (shown as ball

In this work, we focus on mordenite (MOR), which is a and stick inFigs. 2—4 forming the high-layer is described at
particularly useful catalyst for several applications includ- B3LYP/6-31G(d,p) level, and the rest of the clusters forming
ing cracking and isomerization ofalkaneg23,24] It has the low-layer is treated at HF/3-21G level. In the adsorbed
been shown that the elements such as B, Ga, and Zn, can beomplexes, the probe molecules are also included in the high-
introduced into the MOR framewoif25,26] As shown in layer, and this ONIOM2 model can ensure that all the inter-
Fig. 1, MOR has a multiple pore-system with main channels actions between the adsorbates and zeolite frameworks are
of 12-membered rings that are connected by 8-memberedincluded in the high-layer. In order to avoid chemical unreal-
rings. In the unit cell, there are 10 different oxygen sites ity, three linking H atoms are introduced to replace Si atoms
(01—010) and four crystallographic different tetrahedral sites between two layers.
(T sites, T—T4) at which Al or Ga can be substituted. Ear- The 20T cluster for the structures of H-[Ga]MOR is par-
lier theoretical study showed that Ga preferssite when tially optimized with the acid sites and their neighboring Si
replacing Si in the MOR frameworR7]. Here we use the  and Ga as well as the oxygen atoms surrounding Ga relaxed,
two-layered ONIOM (ONIOM2) method to study the struc- while the restatoms are fixed to their crystal positions, respec-
ture of H-[Ga]MOR, and its interaction with different amines tively. To optimize the adsorbed complexes, the parameters
(NH3, MeNH;, MesNH and MegN). The adsorption energies  of the adsorbate molecule and the atoms described above in
and the IR frequencies are satisfactorily compared with the the bare H-[Ga]MOR clusters are relaxed with the rest of the
experimental data. The goal of this work is to correlate the clusters fixed.

Fig. 1. The structure of mordenite unit-cell viewed down ¢kexis (T;—T4
and Q-0 are designated. Note thab@nd G; sites are superposed in a
projection along the-axis).
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(¢) (cluster B)

Fig. 2. 20T clusters simulating the structure of H-[Ga]MOR: (a) initial struc-
ture; (b) cluster A with charge-compensating proton attached;tp ©)
cluster B with charge-compensating proton attached;to O

The adsorption energy\Eag9 is defined as the energy
difference between the adsorption complexes and the indi-
vidual 20T cluster and amine molecule, and is calculated
by: AEads= (Eadsorbaté 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 0.96130].

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 Brgnsted acid site located
in O109 and Q sites. It is shown that the distance between
Ga and the hydroxyl oxygen atorR€a—010 and Rea—02) IS
longer than the other two G® 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.
Itis also found that the bond length of the bridging hydroxyl
group Ro1o-Hz) in A is 0.004A longer than thatRoz—iz)
in B, which means that the acidity of A is stronger than that
of B. However, B is computed to be more stable than A by
3.6 kcal/mol Table ), indicating that B is more energeti-
cally favored than A. This should be the upper limit of the
energy difference between two hydroxyl bridged structures.
Under fully relaxation and without any constrains, this differ-
ence will become small, indicating the possible equilibrium
of these two structurg81].

3.2. Adsorption of aminesin A

The structure of the amines adsorption complexes based
on cluster A is shown iffrig. 3and the bond length param-
eters are reported iMable 2 As found in a previous work
[32], NH3z becomes N, and there are three NHO hydro-
gen bonds between hydrogen atoms ofNlkdnd the zeolite
framework. Upon the adsorption of amines, the distance be-
tween bridging oxygen atom and charge-compensating pro-
ton (Roio-Hz) has changed from 0.980 to 1.717—2.(531

Table 1
Selected bond Iengthél of the Brgnsted sites in clusters A and B and their
relative total energiés

A (O10H) B (O2H)
Ro10—Hz (Roz—Hz) 0.980 (0976)
Rea—010 (Rea—02) 1.820 (1928)
Rea—02 (Rea—02) 1.780 (1820)
Rea—02 (Rea—010) 1.776 (1743)
Erelat. (kcal/molf 0.0 -36
2 The numbering of the atoms follows the crystallographic number desig-

nated 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/AlHb) MeNH,/A; (c) Me2NH/A; (d) Me3N/A.

and the distance between the amine nitrogen atom to protondrogen atoms of the methyl groups can also interact with zeo-
becomes1.036—1.080 These data indicate that the proton lite lattice oxygen atoms, i.e. [HNJR is stabilized by NH-O
has been transferred from the Brgnsted acidic sites of theand CH--O hydrogen bonds through the negatively charged
zeolite framework to the adsorbed amines to form ammo- framework. The NH-O bond lengths of 1.642—1.6%2are
nium ions ([HNRJ]*), and there is strong hydrogen bond much shorter than that of the CHD bonds of over 2.8, in-
interaction between the protonated amines and the negadicating that the NH-O bonds are stronger than the CB
tively charged zeolites framework with-®i distances rang-  bonds.
ing from 1.717 to 2.03A. As aresult of these interactions, theN and G-N bonds

In addition to this interaction, there exist additional hy- of [HNRgz]* are elongated and the-&l bonds become shorter
drogen bonds between these ion-pair structures. In MgNH as compared with those of the free NiRolecules. For
MeoNH and MgN molecules, since one or more hydrogen [MeNHs]* and [MeNH>]* there are two strong CHO hy-
atoms are substituted by methyl groups, producing moleculesdrogen bonds, as found in the distancefRgfo-H; (2.031
with larger size as compared with NHand therefore more  and 1.864?\) andRp2—n1 (1.642 and 1.6925\).
hydrogen atoms become closer to oxygen atoms of the zeolite  From the structure of the adsorption complexeg) (3
framework. Apart from the interactions between lattice oxy- and the structural parameters reportediable 2it can be
gen atoms and the hydrogen atoms bonded to nitrogen, the hyfound that the main interactions between the [HRand
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(c) (d)

Fig. 4. Structures of the adsorption complexes of amines in B: (ayBiHb) MeNH,/B; (c) Me;NH/B; (d) MesN/B.

the zeolite substrates are included in the high-layer of the Itis interesting to compare the energy difference between
ONIOM2 models, indicating that the ONIOM2 models used different amines adsorbed on A and Bable 4. It is found
in the present work are efficient in studying the adsorption of in a previous part that the bare B is more stable than A by

amine molecules in H-[Ga]MOR zeolite. 3.6 kcal/mol. As for the adsorption complexes, [NHB
is also more stable than [NJH/A by 2.3 kcal/mol. How-
3.3. Adsorption of amines in B ever, both [MeNH]*/B and [MeNH;]*/A have the same en-

ergy. With two and three methyl groups replaced hydrogen
The structure of the amines adsorption complexes basedatoms, [MeNH;]*/B and [MeNH]*/B are less stable than
on cluster B is shown iRig. 4and the bond length parameters  [Me2NH>]*/A and [MesNH]*/A by 7.3 and 4.1 kcal/mol, re-
are listed inTable 3 Similarly to the adsorption in cluster A,  spectively. This energetic change shows the effect of the in-
all the amine molecules are protonated in B, and there aretroduced methyl groups to amine molecules and the type and
hydrogen bonds interactions between the formed [#JR  strength of the interaction betweenzlRH]* and the zeo-
and the negatively charged zeolite framework. Among the lite framework upon the changes of the structure of probe
formed hydrogen bonds, the NFD interactions with ©H molecules. It is clearly shown that NHorefers to be ad-
bond lengths of 1.526—2.0%1are stronger than the GHO sorbed on the acidic site in B, while IyleH and MgN prefer
interactions with @H bond lengths of 2.453—2.976 to be adsorbed on the acidic site in A, and MeNt&n be
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(a) (b)

Fig. 5. The 6T cluster models used for frequency calculations of the adsorption complexesz(@]:Nb) MeNH/6T; (c) MeaNH/6T; (d) MesN/6T.

Table 2
The selected bond |ength§)(of the amines adsorption complexes in clustér A
NH3/A MeNH2/A Me;NH/A MesN/A

Ro10—Hz 2.126 2031 1864 1717
Rea—010 1.766 1770 1776 1780
Rca—02 1.869 1871 1870 1843
Rea—oz 1.863 1841 1838 1836
RN—Hz 1.030 1036 1042 1060
Ro2—H1(N) (Ro2—H1(c)) 1.730 1642 1692 (2406)
Roz—tiz(\) (Roz—tz(c) 1875 (2820) (2610) (2534)
Roz—Hz(c) - 2426 2584 2762
Ro7—H3(c) (Roz—ta(c) - 2660 2972 (2728)
Roz—H1(n) (Ros—H1(c) - 2832 2935 (2822)
Roz—z (Roz/—ha(c) - - 2922 (2810)
Rn—H(@v.p 1.028 (1.018) 1032 1056 -

(1.017) (1017)
Re—n(av.P - 1493 1488 1496

(1.465) (1457) (1455)
Re—n(av.P - 1.090 1091 1090

(1.098) (1099) (1099)

@ The numbering of the atoms follows those designateeidn 3.
b The average length of allNH, 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 cléster B
NH3/B MeNH,/B Me,NH/B Me3N/B
Roz—tz (Ro10—tz) 1.665 1526 2235 (1.995) 1726
Rea—02 1.885 1898 1862 1891
Reaoy 1.847 1838 1855 1838
Rca—o10 1.765 1841 1838 1764
RN—Hz 1.068 1090 1030 1062
Roz—H1(n) (Roz—H1(c) 1.993 (2636) 1768 (2755)
Ro10—H2(N) (Ro10—H2(c)) 2.051 (2453) (2770) (2268)
Roz—H2(c) - 2923 - -
Roz—H1(c) - 2736 - -
Roz—+3n) (Roz—H3(c)) - 2.881 (2508) -
Ro7—Ha(c) (Roz—H3w)) - - 2936 (2297)
Ro7—H3N) (Ro7—Ha(c)) - 2.796 - (2382)
Ro10—Hz (Ro7—Ha(c) - - 1950 (2782)
Rn—n(av.p 1.029 1023 1052 -
(1.018) (1017) (1017)

Re—n(av.p - 1499 1488 1496

(1.465) (1457) (1455)
Re—n(av.p - 1089 1090 1090

(1.098) (1099) (1099)

2 The numbering of the atoms follows those designateeidgn 4.
b The average length of allt\H, 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 NH3 < MeNH; < Me;NH <MesN, due to the inductive ef-
be declared that the ammonium ions{NH]*) interact with fect of alkyl groups. While on the basis of thép of
the negatively charged (deprotonated) A more strongly thantheir conjugate acidf33], the basicity increases in the or-
B. This is also reflected by the adsorption energies discussedder: NH; < MesN < MeNH; < MeaNH, which resulted from

in the next part. the solvent effects. Here, when measured by their adsorp-
tion energies on acidic zeolites, the basicity of these amines
3.4. Adsorption energies increases in the order of NN MeNH, < MesN < MesNH,
which is in agreement with the order of their experimental
The calculated adsorption energieAHyq9 for NHs, adsorption energies in acidic zeolitg1], but is different

MeNH,, Me;NH and MgN in H-[Ga]MOR are given in  from the basicity order in both the gas phase and solvents.
Table 4 and the proton affinities, compared with their ex- Allthree measurements identify Ntas the least basic probe,
perimental values as well as the correspondilg @f their butthe orders of the substituted amines differ from each other.
conjugate acid are also presented. Itis worth noting that sinceThis difference reflects the role of counterion on one hand,
there is small difference between the acid strength of H- and on the other hand, the interaction betweesNR]* and
[Ga]MOR and H-[AI[MOR, we use the experimental values the counterion, which is the negatively charged framework in
of the amines adsorption energies in H-[AIMOR as standard zeolite. The interplay between §RH]* and the negatively
to validate our results. charged zeolite framework includes not only the electrostatic
From the proton affinity (PA) of free amines in and hydrogen bonds interaction but also steric interaction.
Table 4 it can be seen that in the gas phase, the rela- The order of the adsorption energies of amines in H-
tive basicity of these amine molecules follows the order: [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, conhpared wit
their experimental values and the correspondiiig @f the conjugate acid of amines

NHas/ZeOH MeNHy/ZeOH MeNH/ZeOH MesN/ZeOH
AErgiaf -23 0.0 7.3 41
AEgags(calc. A) 422 446 562 502
AEqags(calc. B) 409 410 453 426
AEqds (Expt. [34])° 382 478 538 526
AEags (calc. [35])° 324 376 457 445
PA (Expt.[37]) 2040 2141 2206 2251
PA (calc.[38]) 2024 2133 2205 2249
PKa [33] 9.3 106 107 97

2 The relative total energies of the adsorption complexes in B as compared for A.
b The experimental and calculated,qs of amines in H-[AJMOR, respectively.
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Table 5

B3LYP/6-31G(d) stretching frequencies ofHil and C-H bonds of amines in the gas phase and adsorbed statés in A
NH3(g)° NH4*(g)° NH,* (ads) Av®

N—H 3431, 3430, 3303 3351, 3349, 3348, 3233 3438, 3119, 3055, 2865 —280,—293,—368
MeNH;(g) MeNHs*(g) MeNH;*(ads) Av

N—H 3411, 3331 3344, 3343, 3261 3379, 2875, 2739 -3458,-522

C—H 2998, 2960, 2855 3096, 3096, 3095 3095, 3062, 2981 -1,-34,-15
Me2NH(g) MezNH2*(g) MezNH,* (ads) Av

N—H 3359 3334, 3283 3336, 2874 2409

C—H 2997, 2996, 2951, 2950, 2833, 3087, 3086, 3083, 3083, 2988, 3214,3191,3176,3171, 3089, 3,-19,-30,—-35,-19,-23
2826 2986 3083
MesN(g) MesNH*(g) MesNH* (ads) Av

N—H - 3298 2682 —616

C—H 2999, 2999, 2994, 2958, 2953, 3079, 3079, 3079, 3077, 3076, 3109, 3081, 3077, 3072, 3057, 30, 2,-2, -4, —19, 2, -5,

2953, 2824, 2807, 2806

3075, 2985, 2981, 2980

3054, 2980, 2969, 2965

—-12,-15

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

[AIIMOR of our earlier calculation datgB5]. It is interesting ergies of amines depend not only on the energy of de-
to note that the calculation results in this work also agree well protonation of the zeolite (the acidity of the zeolites) but
with the experimentally determined adsorption energies for also on the proton affinities of amines and the interaction
H-[AIIMOR [34]. The averaged difference for the most sta- energy of the ammonium ion with the negatively charged
ble complexes is 2.7 kcal/mol on one hand, and on the otherframework.

hand, this nice agreement provides the opportunity to iden-

tify the most favored acidic site to adsorb amines. FosNH 3.5, IR frequencies

NH4*/A has largeiAEggs but is less close to the experimen-
tal value than NH*/B, and the latter structure is more stable
than the former. Therefore B is the most favored site fogNH
adsorption. For MgNH and MgN, both MeNH,*/A and
MesNH*/A have AEzgsmore close to the experimental val-
ues and are more stable than Méd>*/B and MgNH*/B.

The adsorption energy is considered as one of the most
valuable data obtained from experimental observation which
can be used to validate the theoretical requl$§. Thus we
used 6T clustersHig. 5 cut from the adsorption complexes
based on A, which gives the adsorption energies much closer
Therefore, A is the most favored site for M¢H and MgN to the experimental data, to carry out frequency analysis cal-
adsorption. However, for MeN}l both MeNH*/A and culations. These 6T clusters representing the adsorption com-
MeNH3z*/B have the same total energy, and the adsorption plexes are cut from the high layer of ONIOM2 models in
energiesAEags from A and B is close to each other, thus which all the interactions are included, and are optimized at
MeNH; can be in equilibrium between A and B. These B3LYP/6-31G(d,p) level. The calculation results are listed in
results show the correlation between structure/energy andTable 5 In order to analyze the interaction of amines with
acidity. the zeolite framework, it is necessary to compare the IR fre-

In addition, the calculated adsorption energies for quencies of free BNH(g) with the adsorbed NH* (ads).
amines/H-[A[]MOR < amines/H-[Ga]MOR, parallels the or- It is to be noted that the IR frequencies of fregNgg) and
der of NHy*/[Al]ZSM-5 <NH4*/[Ga]ZSM-5[36]. Thisen-  free RRNH*(g) published previousli85] are also given here
ergetic changes are reflected by the structural parameters obnly for comparison.
the adsorption complexes of NHn H-[Ga]MOR and H- The strength of the interaction betweegN®M* and the
[AIMOR. For example, most of the bond lengths of H-bond zeolite framework can be estimated by comparing théiN
interactions are shorter in H-[Ga]MOR (A: 1.730, 1.875 and and C-H IR frequencies of BNH*(g) and RNH*(ads), as
2.126A) than thatin H-[AIIMOR (2.408, 2.037 and 1.58§ given inTable 5 The largest shifts are found for the-Nz
[35], indicating the stronger interaction in the former than in  bonds, which have strong hydrogen bonds interaction with
the latter. As for the substituted amines, it is shown that the the bridging oxygen atom (Oz), e.g., down shift of 368¢m
hydrogen bond interaction in the [HNE/[Ga]MOR com- for NH4*(ads), 522 cm? for MeNHs*(ads), 409 cm? for
plexes are stronger than that in [HNR/[AIIMOR com- MesNH,*(ads) and 616cmt for MesNH*(ads). These
plexes, as reflected by the-@ bond lengths as well as  changes agree with the variation of tRg,—, and Ry—nz
the numbers of the H-bonds formed (sgable 2 Ref. distances Table 2. The shifts of the other hydrogen bond-
[35]). These results confirm the claim by@dle and Sauer  ing are relatively small. When compared with theN®i*(g),

[15] and Gorte and coworke86] that the adsorption en-  most of the G-H frequencies in the adsorbed states are shifted
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