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Abstract

The two-layered ONIOM method is used to study the interaction of amines,(MENH,, Me;NH and MgN) with H-type mordenite
(HMOR). For all the calculations, the high-layer is described by the B3LYP/6-31G(d,p) method, while the HF/3-21G method is used for
the low-layer. In the adsorption complexes, proton transfer from the HMOR framework to amines is observed, and the protonated amines
(RsNHT) are stabilized by hydrogen bonding between the negatively charged zeolite framework and the N-H bonds. The strength of the
O---H-N hydrogen bonding is reflected by differences in the N-H stretching frequencyNt Rbetween the adsorbed state and the gas
phase. The relative order of the amine basicity on the basis of the computed adsorption energies agrees well with the experiments, but differs
from those in the gas phase (proton affinity) and in solverks)(p
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction by one or more hydrogen bonds between its hydrogen atoms
and the oxygen atoms of the zeolite framework.

Zeolites play an important role as catalysts in petro- Mordenite (MOR) is a particularly useful catalyst for sev-
chemical industry due to their Brgnsted acidity and eral applications including cracking and isomerization of
shape-selectivity. Temperature-programmed desorption andhydrocarbons, dewaxing of heavy petroleum fractions and
infrared (IR) experiments using NH1,2] and pyriding3,4] conversion of methanol to hydrocarbdi$]. As shown in
as probes have been often carried out to characterize the acidFig. 1, MOR has a structure of 12-membered ring channel
ity of zeolites. Theoretically, the interaction of molecules interconnected by 8-membered side pockets. In the unit cell,
with the acid site in zeolites has attracted much attention be-there are ten different oxygen sites (from @ O,0) and
cause this is the initial step of chemical reactions catalyzed four tetrahedral sites (T T2, T3 and Ta).
by acidic zeolites. Many studies were carried out to analyze Earlier theoretical studigd7,18]showed that Al preferes
the interactions of the Brgnsted sites with a wide range of T4 site when replacing Si in MOR famework. In a recent
probes such as C[5—7], NH3 [8-10], CH3OH[11-13] and work [19], we studied the adsorption of NHbn a HMOR
H»0 [14,15] For the interaction of Nglwith the acid site in cluster containing 8 tetrahedral sites (8T) and found thag NH
zeolites, for example, the proton transfer has been observecdbecomes NI, and that there are three N-H O hydro-
and NH; is transferred into Nljﬂ [10], which is stabilized gen bonds between the [Z€0O. - NH4 1] ion-pair. The suc-

cessive replacement of hydrogen atoms insN#y methyl
_— groups can produce three amines (MelNH1eoNH and
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frequencies are calculated to compare with the experimen-
tal data. The objective is to correlate the type and strength
of interaction of HMOR with different adsorbates. By com-
paring the results of different amines with that of ammonia,
it is desired to develop new molecular probes for the simul-
taneous characterization of 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-MOR32], which has a multiple
pore-system with main channels of 12-membered rings that
Fig. 1. The structure of mordenite unit-cell viewed down thaxis (Tz, are connected by 8-membered ring channals. The 20T clus-
T2, Ts, Ta, and Q to Oy are designated. Note thab@nd G sites are a1 model employed to represent the acid site and the pore
superposed in a projection along th@xis). structure of the MOR framework is shown kig. 2, which

includes 20 tetrahedron centers and contains a complete
several alkali cation exchanged large pore zeolites by IR 12-membered ring. In this cluster an Al atom replaces the
and found that there are three types of interactions betweenSi atom at the 7 site. To maintain the charge neutrality
MeNH; and the zeolite framework. The first one is the elec- of the cluster, a charge-balancing proton is produced. The
tronic interaction between the nitrogen lone pair of MeNH proton was initially put in a position where it is almost the
and the counterions of the zeolite framework, which dom- same distance from the three oxygen atoms around the Al
inates the overall strength of the interaction. The two oth- center (sed-ig. 2a-1 and b-}L After the optimization, it
ers are hydrogen-bonding type between the oxygen atomsis attached to @ (seeFig. 2a-2 and b-R Thus, it can be
of zeolite and the hydrogen atoms of the amine and methyl indicated that @y is the energetically preferred position for
groups of MeNH. They claimed that it was the first time to  the charge-balancing proton. This is also in agreement with
observe and identify such interaction experimentally. our earlier study[18]. Each peripheral oxygen atoms in

In order to satisfactorily model the pore structure of ze- the clusters is saturated by a terminal hydrogen atom. The
olites in which the adsorbates can be hold, large clustersO-H distances are 1.0 A, and the orientation of O—-H bonds
are needed. However, accurate calculations of large clusterds along the pre-existing O-Si bonds. The clusters simu-
are very expensive or impractical. An effective solution to lating the amine adsorption in HMOR are constructed by
this problem is the embedding metho@?,10], in which the partially optimized 20T cluster of HMOR and the free
the combination of quantum mechanical and molecular me- optimized amines. The amine molecules are put pointing to
chanical (QM/MM) methods are frequently used to simu- the 12-membered ring with the nitrogen atom closing to the
late the zeolite frameworks and their interaction with other acidic proton (H).
moleculeq23,24] The ONIOM method, developed by Mo-
rokuma and co-workerf25-27] and implemented in the 2.2. Methods
Gaussian 988] program, is one of the widespread QM/QM
and QM/MM hybrid method suited for large-scale systems.  All the calculations in this work are performed by us-
In the ONIOM method, a large system can be partitioned ing the ONIOM2 method in the Gaussian 98 program. In
into several layers, described at different levels of theory. the ONIOM2 framework, the system is divided into two
Thus, an important feature of the ONIOM method is that it layers and treated at two different levels of theory. In this
can describe the active center accurately at a high level andwork, the high-layer of the HMOR cluster contains two dif-
other less important parts at low levels of theory, and this ferent models (2T and 6T, sdeg. 2) and is described by
method is especially useful when applied to large systemsthe B3LYP/6-31G(d,p) method. This large basis set includ-
[29]. Roggero et al[30] have successfully used the ONIOM ing polarization function on hydrogen is used to describe
method to model the adsorption of Mldt the isolated hy-  the hydrogen bonding effectively. In the amines adsorption
droxyl groups on a highly dehydrated silica surface. It was complexes Fig. 3) the high-layer also includes the amine
also applied successfully to study the catalytic reactions on molecule. The rest of the cluster forming the low level layer
HZSM-5[31]. In this work, we report a study on the adsorp- is described by HF/3-21G. Four linking H atoms between
tion of a series of amines including NHMeNH,, Me;NH the two layers are used to avoid the chemically unrealistic
and MgN in HMOR by using the two-layered ONIOM  model and they replace four Si atoms in the cluster.
method (ONIOM2). The structures of the adsorption com-  The 20T cluster representing the structure of HMOR are
plexes are obtained, and the adsorption energies as well as Iartially optimized with the acid site and its neighboring Si
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Fig. 2. The initial and optimized configuration of 20T models simulating the structure of HMOR (a) with 2T as high-layer (b) with 6T as high-layer.

and Al as well as the oxygen atoms surrounding Al relaxed, Fig. 3). To ensure all the interactions in the higher-layer, the
while the rest atoms are fixed to their crystal positions. This 6T model of high-layer in MeNKl adsorption complex is
allows the atoms in the vicinity of the acid site to relax, different from othersTables 1 and 2respectively present
while the cluster retains its position in the zeolite lattice. For the optimized bond lengths of the bare 20T clusters with
the optimization of the adsorption complexes, the bond pa- 2T and 6T as high-layer and their amine adsorption com-
rameters of the adsorbate molecules and the atoms describeglexes. It can be found that the difference in the Al-O bond
above in the bare HMOR clusters are relaxed while the restlengths (Rj—o,, Rai—o, and Ry—o,) and the distance be-
of the clusters are fixed. tween acidic proton and the bridging oxygemn,R,, be-

To calculate IR frequencies of the adsorbed states, 6T tween these two models is very small. By comparing the
models (sed-ig. 4) are used which is cut from each opti- structure parameters of the two Nidomplexes on HMOR,
mized adsorption complexes with all the interaction atoms of it is shown that the two models give the same Ntdnfig-
the adsorbates and the zeolite framework included. Geome-uration: (i) NH; is protonated by the acidic proton on both
try optimizations and frequency calculations are performed clusters, (i) NH,* is more close to the oxygen atoms at Al
at the B3LYP/6-31G(d) level. than at Si, (iii) three hydrogen bonds are formed between

hydrogen atoms of Nk~ and the oxygen atoms of the nega-
tively charged zeolite framework. These results indicate that

3. Results and discussion the 20T cluster with 2T as high-layer is enough for the study
of NH3 adsorption. However, for substituted amines such as
3.1. Comparison of models MeNH,, Me;NH and MgN, the structure of the adsorption

complexes shows some differences. Because C—H bonds can
In order to give a precise description on the adsorption of also interact with the framework oxygen atoms around the
amines in HMOR with economical computer time, two kinds acid center, the smaller 2T model as high-layer becomes
of 20T ONIOM2 models, with high-layer being 2T and 6T, rather limited. Therefore, we take the 6T model as high-layer
respectively (sefig. 2), are investigated, and the adsorption for our calculations at B3LYP/6-31G(d,p), and the results
of amines are also investigated on these two models (seefrom 6T high-layer models are used for discussion.
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Fig. 3. Structures of the adsorption complexes of amines in 20T models with 2T and 6T as high-layer, respectively (&) MéNH, (c) Me;NH (d)
MesN.
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Table 1

The selected bond lengths (A) of the HMOR cluster and the amines adsorption corfipe2€d model with 2T as higher layer
20T NH;z-20T MeNH-20T Me;NH-20T MesN-20T
Ro,—H, 0.978 1.584 1.826 1.557 1.531
Rai-o, 1.882 1.823 1.811 1.874 1.821
Rai-o; 1.719 1.778 1.767 1.770 1.756
Rai—o, 1.721 1.753 1.770 1.786 1.741
RN—H, - 1.093 1.055 1.095 1.076
Ro,—H1(N) - 2.408 1.768 - -
Ro;—H:(N) - - - 2.688 2.480
Ro,—H;(©) - 2.037 - - -
Ro,—H,(N) - - 2.609 2.479 2.542
Ro,—H,(0) - - 2.595 2.623 2.792
Ro3—H,(0) - - 2.868 2.690 2.537
Ro,—H3(©) - - 2.927 - -
Rog—H;©) (Rog—+s(c)) - - - 2.889 (2.734)
R0,~H4(©) (Rog—Hy(C)) - - - 2.794 (2.769)
- - 2.894

Ro,+s©)
@ The numbering of the atoms follows those designate&igs. 2 and 3

3.2. Sructure of amine complexes its hydrogen atoms and the zeolite framework, including one
strong (Ry,—+,, 1.586 A) and two weaker (R—,, 2.554 A,

The configuration of the complexes with MeNH Ro,—H,, 1.923 A) N-H...O interactions. For MeNp
MeoNH, and MgN in HMOR is shown inFig. 3 and MezaNH and MgN molecules, one or more hydrogen atoms
the calculated bond lengths are listed Table 2 From are replaced by methyl groups, producing molecules with
the distances between the acidic proton of HMOR and the larger size as compared with the parent ammonia molecule,
bridging oxygen (R,—,, 1.537-1.682A) and the nitro- and therefore more hydrogen atoms become closer to the
gen of amine molecules (Ry,, 1.070-1.094 A), it can be  framework oxygen atoms of the zeolite wall, leading to
found that the proton has been transferred from the zeolitethe formation of more than three hydrogen bonds in their
framework to the adsorbed amines and the ion-pair struc- complexes. Besides the interactions between lattice oxygen
ture of [ZeO - - - THNRg] is formed. The formed [HNE™ atoms and the hydrogen atoms bonded to nitrogen, the hy-
is stabilized by N-H--O and C-H --O hydrogen bonds drogen atoms of the methyl groups also have interactions
through the negatively charged framework oxygens and thewith zeolite lattice oxygen atoms. The strongest interac-
hydrogens of the amine and the methyl groups of the adsor-tion is from the hydrogen atoms of the amine group in
bates, with O—H distances ranging from 1.537 to 2.889 A. [R3NH]* and the bridging lattice oxygen to aluminum, with

As found in a previous papdfl9] and the results dis- the O-H distances ranging from 1.537 to 1.822 A, while
cussed above, N forms three hydrogen bonds through the interactions from hydrogen atoms of methyl groups

Table 2
The selected bond lengths (A) of the HMOR cluster and the amines adsorption corfipe2€3 model with 6T as higher layer

20T NHz-20T MeNH,-20T MexNH-20T MesN-20T
Ro,—H, 0.977 1.586 1.682 1.553 1.537
Rai-o, 1.884 1.826 1.815 1.845 1.805
Rai-o; 1.716 1.768 1.767 1.797 1.778
Rai—o, 1.752 1.788 1.769 1.757 1.747
RN—H, - 1.100 1.070 1.094 1.080
Ro,—H1(N) - 2.554 1.822 - -
Ro,—H; (C) - - - 2.691 2.487
Ro,~Ha(N) - 1.923 - - -
Ro,—H,(C) - - 2.507 2.495 2.410
Roz;—H,(0) - - 2.595 2.674 2.889
Ro,—H3©) - - 2.849 2.678 2.535
Ros—H3(0) - - - - (2.599)
Ro,—+,(©) (Ro,—H,(c) - - - 2.708 (2.690)
Rn—+ (averagé) - 1.028 (1.018) 1.032 (1.017) 1.022 (1.017) -
Rc— (averagé) - - 1.493 (1.465) 1.494 (1.457) 1.505 (1.455)
Rc—H (averagé) - - 1.090 (1.098) 1.090 (1.099) 1.090 (1.099)

2 The numbering of the atoms follows those designate#igs. 2 and 3
b The average lengths of all N-H, C—-N or C-H bonds, respectively, in the adsorbed state, and the data in parentheses are the values of the free molecules.



N. Jiang et al./Journal of Molecular Catalysis A: Chemical 220 (2004) 221-228

Q

P —

9

Nt L &
{

Table 3
Adsorption energies (kJ/mol) in the HMOR 20T cluster and proton affini-
ties (PA; kd/mol), compared with their experimental values and the cor-

responding [, of the conjugate acid of amines

NH3 MeNH, MeoNH MesN

= \“) AEgags (calculated) 1369 161.1 198.3 187.1
e w ) AEqgs (calculated) 1356 157.3 191.0 186.2
(] (& AEqgs (experimental)[34-36] 160 200 225 220
(@) PA (calculated)43] 846.0 891.6 921.7 940.1
PA (experimental)36,44] 858.3 896.4 923.2 939.1
pKa [33] 9.3 10.6 10.7 9.7
@ The adsorption energies calculated from 20T models with 2T as
higher-layer.
b The adsorption energies calculated from 20T models with 6T as
higher-layer.

pared with the free amines. From the structure of the adsorp-
tion complexes shown iRig. 3and the structure parameters
presented infable 2 it can be found that the main inter-
actions between the adsorbates and the zeolite substrate are
included in the high-layer of the ONIOM2 models, indicat-
ing that the models used in the present work are efficient in
studying the adsorption of amine molecules in HMOR zeo-
lites.

3.3. Adsorption energies

The adsorption energyAEaq9 is defined as the energy
difference between the adsorption complexes and the two
monomers (20T cluster and amine) and is calculated by:
AEads = (Eadsorbatet E20T) — E adsorbate 20T. Table 3pre-
sented the calculatetNEgqsfor NH3z, MeNH,, MeaNH and
MesN in HMOR. The proton affinity (PA) for the amines in
gas phase is also listed Table 3 It can be seen that in the
gas phase, the order of the relative basicity of these amine
molecules follows NH < MeNH, < MeaNH < MesN, due
to the induction effect of alkyl groups. However, as measured
by the <, of their conjugate acid83] (Table 3, the basicity
increases in the order: N\ MesN < MeNH,; < MeaNH,

(d) O O which is resulted from the solvent effects. Here, when mea-
sured by their adsorption energies on acidic zeolites, the ba-
sicity of these amines increases as follows:NHMeNH;

< MesN < MesNH, which is the same order as measured
by experiments[34-36] but different from the basicity or-
are rather weaker with most of the O—H distances longer der of in both the gas phase and solvents. The difference
than 2.5A. might be caused by the stabilization of the adsorbates by

It is worth noting that in MeNH" adsorption complex  the zeolite framework and is related to their different molec-

there are two N—H bonds to interact with the zeolite frame- ular structures. When comparing our calculated adsorption
work oxygen atoms (with B is 1.682 and 1.822A,  energy of amines with the experimental results, however, it

Fig. 4. The 6T cluster models used for frequency calculations of the
adsorption complexes (a) NHb) MeNH; (c) Me;NH (d) MesN.

Table 23, while only one in MeNH,* and MeNH* (with is found that our calculations underestimate the adsorption
Ro—y is 1.553 and 1.537 for M&H and MegNH com- energy by 24-43 kJ/mol. This maybe due to that the B3LYP
plexes, respectivelyTable 9. These double N-H -O functional dose not account for dispersion for§&s-40]
hydrogen bonds in MeNgt result in the longer B— dis-

tance, as compared with that in MéH,™ and MgNH™. 3.4. IR frequencies

As a result of these interactions, the Al-@istances be-
come shorter than the bare cluster. The N-H and C—N bonds Frequency analysis is carried out on 6T clusters around
are elongated and the C-H bonds become shorter as comthe Oz center, cut from the partially optimized 20T adsorp-
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Table 4
B3LYP/6-31G(d) stretching frequencies (ch) of N-H and C—H bands of amines in the gas phase and adsorbed states

NH3 (9) NHs* (g) NH,* (ads) Shift (NH™ (ads)— NH4* (g))
N-H 3431, 3430, 3303 3351, 3349, 3348, 3233 3442, 3234, 3179, 2296 —198, —168, —936

MeNH; (g) MeNHs* (g) MeNHs* (ads) Shift (MeNH™ (ads)— MeNHsz* (g))
N-H 3411, 3331 3344, 3343, 3261 3381, 2961, 2675 3382, —585
C-H 2998, 2960, 2855 3096, 3096, 3995 3087, 3064, 2982 -10, -32, -13

MezNH (g) MezNH2 ™ (g) MexNH,* (ads) Shift (MeNH,* (ads)— MezNH2* (g))
N-H 3359 3334, 3283 3339, 2154 51129
C-H 2997, 2996, 2951, 3087, 3086, 3083 3092, 3079, 3058 -

2950, 2833, 2826 3083, 2988, 2986 3057, 2969, 2960 —AR,—25, —26, —-19, —26

MesN (g) MesNH™ (g) MesNH* (ads) Shift (MgNH™ (ads)— MesNH™ (g))
N-H — 3298 2821 —476

2999, 2999, 2994, 3079, 3079, 3079 3103, 3085, 3075, -
C-H 2958, 2953, 2953, 3077, 3076, 3075 3061, 3056, 3047, 244616, —20, —28, —9, —15, —20

2824, 2807, 2806

2985, 2981, 2980

2976, 2966, 2960

a All the frequencies presented here have been scaled by 0.9613.

tion models in which all the interactions are included, and C—-H bonds are minor as compared with that of the N-H
these results are listed ifable 4 In order to analyze the  bonds.

interaction of the amines with the zeolite framework, it is
necessary to compare the IR frequencies of fred(B) and
free RRNH™(g) in gas phase, and those of fregNRI™(g)
and adsorbed fH™ (ads).

As given in Table 4 NHst(g) has lower N-H fre- The adsorption of four amines, NHMeNH;, Me;NH,
quencies than Ng{g) due to the charge effect, and the and MeN, in HMOR were investigated by the two-layered
shifts are up to 80cmt. The same trends are found for ONIOM computational method. It was shown that the
MeNHs*(g), MesNH»*(g) as compared to MeN#flg) and amines are all protonated by the acidic proton of HMOR.
Me,NH(g), but in less extent (ca. 70 and 25¢chy These In addition to the hydrogen bonding of hydrogen atoms
changes are in line with the elongated N—H bonds upon ©n nitrogen and the negatively charged framework oxy-
protonation Table 2 and agree nicely with the experi- 9en atoms, there is also weaker interaction between the
mental observationi41]. It is interesting to note that the =~ Methyl hydrogen atoms and the framework oxygen atoms
C—-H frequencies of BNH*(g) are higher than g(g), (apart from NH). The N-H stretching frequencies of the
e.g. up to 67-140 cnt for MeNHs*(g), 90160 cmt for adsorbed BNH™ are computed to be up-shifted, as com-
MeoNHo*(g) and 80-174cmt for MesNH*(g). These pared to those of the free protonated forms. In addition,
up-shifts can be ascribed to the absence of the negativethe calculated adsorption energies agree reasonably with
hyperconjugatiof42] of the nitrogen lone-pair in the pro- the experimental data. The basicity of the adsorbed amines
tonated structures, and are in line with the elongation of the differs from those in the gas phase (proton affinities) and in
C-N bonds and the slightly shortening of the C—H bonds solution (Ka values).
upon protonation{able 2.

The strength of the interaction betweegN®™™ and the
zeolite framework can be estimated by comparing the N—H Acknowledgements
and C—H IR frequencies of RIHT(g) and RNH*(ads),
as given inTable 4 The largest shifts are found for the
N-H; bonds, which have strong hydrogen bonding to the
bridging oxygen atom (§), e.g. down-shift of 936 cm!
for NH4t(ads), 585cm?! for MeNHs*(ads), 1129 cm?!
for MeaNHot(ads) and 476cmt for MesNH™(ads).
These changes agree with the variation of thg-R, and
Rn—+, distances Table 3. The shifts of the other hydro-
gen bonding are relatively smal. Wher_‘ co_mpared with the [1] B. Hunger, M. Heuchel, L.A. Clark, R.Q. Snurr, J. Phys. Chem. B
R3sNH™(g), mqst of the C—H frequencies in the z_ids_orb_ed 106 (2002’) 3882, ’ ’ ‘
states are shifted downward by small values, indicating (2] B. onida, F. Geobaldo, F. Testa, R. Aiello, E. Garrone, J. Phys.
that the interaction between the lattice oxygen atoms and  Chem. B 106 (2002) 1684.

4. Conclusions
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