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Abstract: The Si/Al ratio and confinement effects of zeolite framework on energetics and vibrational
frequencies of pyridine and 4,4′-bipyridine adsorbed on Brønsted acid sites in the straight channel of
H-ZSM-5 are investigated by DFT calculations at the B3LYP and M06-2X+D3 levels. The straight
channel of H-ZSM-5 is simulated by a cluster of 32 tetrahedral centers covering the intersection
between straight and zigzag channels. Pyridine and 4,4′-bipyridine adsorption at two different sites
in the intersection (open region) and/or in the narrow region situated between two intersections
(closed region) is studied. For two Si/Al ratios (31, 15), the ion pair complexes formed by proton
transfer upon pyridine and 4,4′-bipyridine adsorption in the open region and for the first time in the
closed region are characterized. Our results indicate: (i) the stability for all adsorption complexes is
essentially governed by the dispersive van der Waals interactions and the open region is energetically
more favorable than the closed region owing to the predominance of the dispersive interactions
over the steric constraints exerted by the confinement effects; (ii) as the Al centers are sufficiently
spaced apart, Si/Al ratio does not influence pyridine adsorption energy, but significantly affects the
adsorption energies and the relative stability of 4,4′-bipyridine complexes; (iii) neither Si/Al ratio
nor confinement significantly influence pyridine and 4,4′-bipyridine vibrational frequencies within
their complexes.

Keywords: H-ZSM-5 zeolite; aza-aromatics; proton transfer; Si/Al ratio effect; confinement effect;
DFT-D calculations

1. Introduction

Zeolites represent one of the most important classes of heterogeneous solid acid catalysts. They offer
a versatile class of shape selective catalysts for important chemical processes such as petroleum cracking
and reforming [1,2]. The catalytic activity of zeolites is related to the Brønsted acidity of bridging
hydroxyl groups Si-OH-Al. Many catalytic processes in zeolites are activated by proton transfer from
Brønsted acid sites (BAS). These sites are strong enough to adsorb guest molecules by hydrogen
bonding interactions initiating a series of reactions that can lead to the formation of new species.
Because of its importance in industrial catalytic applications [3,4], the Brønsted acidity of zeolites has
widely been investigated with experimental [5–11] and theoretical methods [12–26]. Experimentally,
several techniques such as IR and Raman [5–8], NMR [9,10], and neutron-scattering [11] studies have
been used to characterize the structure and interactions at a molecular level, often with somewhat
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inconclusive results. On the theoretical side, there is a full range of modeling techniques based on
quantum mechanical methods such as cluster approach [12–15], embedded cluster ONIOM [16–21],
and periodic [22–26] DFT calculations. Quantum-chemical calculations on small clusters have long
been the staple for modeling zeolite electronic structure and the acidity of Brønsted sites, and its
interaction with small basic molecules. For larger molecules such as aromatic species, with dimension
comparable to the opening pores of zeolites such as H-ZSM-5, the small clusters ignore long range
electrostatic interactions and the long range electron correlation effects that give rise to dispersion forces
and some hydrogen bonding. In addition small clusters lack the steric constraints which characterize
adsorption in zeolites, because the small cluster may not represent the zeolite cavity and thus the
effects of the zeolite framework are not taken into account. Thus, the cluster model of protonic zeolites,
in order to be reliable, should include the cavity. In this work, we have studied the adsorption of two
aromatic molecules pyridine (PY) and 4,4′-bipyridine (44BPY) on the Brønsted acid sites of H-ZSM-5
zeolite. Because of their size, which are close to that of the pores of H-ZSM-5 cavities, they interact with
the zeolite by two types of interaction: covalent interactions with the Brønsted acid sites Si-OH-Al,
and non-covalent interactions (van der Waals) with the atoms of the wall cavity, responsible for the
confinement effects. It is well known that PY is a probe molecule that has been used for a very long
time in IR and Raman spectrometries [5–8] to characterize and differentiate Lewis acid sites from
Brønsted acid sites. 44BPY is a very interesting bidentate molecule of strong basicity, which possibly
allows to simultaneously characterize two Brønsted acid sites located in two different environments in
the straight channel of H-ZSM-5, and consequently to determine the relative position of two Al atoms
when there is a double proton transfer. Some previous theoretical studies on the adsorption of PY in
H-ZSM-5 using realistic cluster calculations including in the most cases only one Al atom located at the
specific region in H-ZSM-5 cavity have also been reported [17–19,24,26]. All of these theoretical studies
were only focused on the energetic properties of pyridine adsorption; none of them was reported on the
vibrational properties in the zeolite cavity. In addition, regarding the adsorption of 44BPY in zeolites,
except our previous works [27–29], no study has been conducted to date. The novelty of the present
study with respect to our previous work consists of the fact that we have investigated simultaneously,
for the first time, the Si/Al ratio and confinement effects of the zeolite framework of H-ZSM-5 on
the energetics and vibrational properties of PY and 44BPY by employing a realistic cluster model
with two Si/Al ratios (15 and 31) to represent the straight channel of H-ZSM-5 and by using Density
Functional Theory including dispersion interaction (DFT-D). For the first time, pyridine adsorption
has been characterized in two regions of H-ZSM-5 cavity: in the intersection region (open region),
and in the straight channel region between two intersections (closed region). In this latter region,
the pyridine molecules were also detected for the first time by single-crystal X-ray diffraction [30].
In the case of 44BPY, the mono and diprotonated forms were observed in the H-ZSM-5 zeolite by
Raman spectrometry [7,29] and confirmed by our previous study for Si/Al = 15 [29]. Our present
theoretical results have been compared to available experimental data.

2. Theoretical Calculations

H-ZSM-5 has been chosen for the present study for a number of reasons. Besides, it being an
active acid catalyst, the medium-sized opening pores of its straight channels are comparable to the
dimension of some aromatic compounds. A straight channel of H-ZSM-5 is simulated by a cluster of
32 tetrahedral centers (32T), extracted from the straight channel of a silicious crystallographic H-ZSM-5
structure (http://www.iza-structure.org/databases/). The dangling bonds are terminated by H atoms
replacing the next crystallographic atoms. It consists of three 10-membered rings (10R) and covers
the intersection between the straight channel and the zigzag channel (Figure 1). For the cluster of
Si/Al = 31, one Al atom is located either at the first 10R in the open region or at the third 10R in the
closed region generating one Brønsted acid site to compensate the negative charge of the framework
around the Al site. Thus, only monodentate adsorption complexes could be formed with PY or 44BPY
ligand. For Si/Al = 15 ratio, the 32T cluster has two Al atoms, one located at first 10R in the open region
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and other at third 10R in the closed region. The distance between two Al sites is about ~13.8 Å. The two
protons compensate the negative charge of the framework around the two Al sites. Thus, both mono
and bidentate adsorption complexes could be formed with 44BPY. It should be noted that our 32T
cluster model was chosen to study in particular the confinement effect. Indeed, it is well adapted to the
size of our bidentate ligand 4,4′-bipyridine, which is completely confined in our cluster, consequently
the main interactions (covalent and non-covalent) are taken into account. Obviously, increasing of
cluster size contributes to increase the adsorption energies of all complexes.
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Figure 1. Schematic representation of the straight channel of H-ZSM-5. Open and closed regions of the
32T clusters are denoted by “op” and “cl”, respectively.

In the DFT optimization calculations, B3LYP functional combined with the standard 6−31+G* basis
set were used to characterize the structures and the vibrational frequencies of PY and 44BPY adsorption
complexes implicated in the proton transfer reaction. The choice of this method and of this basis set is
based on our results obtained by different approaches discussed in detail in our previous article [29].
The optimization criteria adopted are such that the convergences were considered to be reached when
predicted change in energy is less than 10−6 Hartree and the changes in the structure are negligible.
Since our systems contain lots of tetrahedral centers, we used for all calculations the same integration
UltraFine Grid [31]. It should be mentioned that in order to maintain the crystallographic structure,
the coordinates of the atoms on the edge of the cluster model are frozen. The calculated frequencies for
PY and 44BPY species studied here were scaled by scaling factors of ~0.968 and ~0.978, respectively,
determined to give the best agreement with experimental anharmonic frequencies. Since both B3LYP
and M06-2X functionals give almost the same optimized structures for the adsorption complexes in the
case of Si/Al = 15 considered in our previous work [29], single-point energies were calculated on the
B3LYP optimized structures at the level of M06-2X-D3 functional that implicitly accounts for short and
medium-range dispersion interactions [32], with the addition of Grimme’s long-range D3 dispersion
corrections [33]. The adsorption energy Eads was computed as the difference between the energy of
the optimized adsorption complex, and the sum of the energies of the optimized isolated molecule
and the optimized bare 32T cluster. The B3LYP and M06-2X calculations of Eads were systematically
corrected for the basis set superposition error (BSSE) [34]. As the B3LYP functional does not account for
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dispersion forces, the dispersive van der Waals (vdW) interactions were estimated by the dispersion
energy (Edisp) obtained as the difference between the adsorption energies calculated with both B3LYP
and M06-2X-D3 functionals. All calculations were performed with the Gaussian09 package [31].

3. Results and Discussion

3.1. Structure and Energetic Analysis

The B3LYP optimized structures of adsorption complexes formed upon adsorption of PY and 44BPY
on BAS are illustrated in Figures 2 and 3, respectively, and listed in Table 1 (see also Supplementary
Materials). In the case of the interaction of PY with BAS located either in the open region or in the closed
region, our calculation results show that the B3LYP geometry optimization of this system leads to the
formation of monodentate ion pair complex PYH+/32T− by transferring the acidic proton to the ligand
whatever the Si/Al ratio. The PYH+ pyridinium remains close to the AlO4 tetrahedron, forming a
strong hydrogen bond O . . . H-N with the oxygen atom. In the open region, the hydrogen bound is
almost linear (O...H-N = 172◦), while, in the closed region, due to the steric constraints, the hydrogen
bond elongates a little and moves away from linearity, (O...H-N = 153◦). As can be seen in Table 1,
the Si/Al ratio has no effect on the structures of the pyridine adsorption complexes. Indeed, in the case
of the Si/Al = 15 ratio, the position of the second Al atom is very far from the cation PYH+. For the
optimized structures of the 44BPY adsorption complexes, the situation is a little different, since the
adsorbed molecule occupies the two straight channel regions. In the case of monodentate ion pair
complex 44BPYH+/32T−, when pyridinium ring is in one region, the pyridyl ring is in another region
of ionic or covalent character depending on the Si/Al ratio of 15 or 31, respectively. Therefore, the effect
of the Si/Al ratio could not be negligible on some intermolecular geometrical parameters. In the open
region, the monodentate adsorption complexes are formed by a strong hydrogen bond O . . . H-N,
a little longer and much less linear than in the case of PY complexes. On the other hand, the hydrogen
bond is more bent in the case of the cluster of Si/Al = 31 (O...H-N = 138◦) where the pyridyl ring is
in front of SiO4 tetrahedron than in the case of Si/Al = 15 where the pyridyl ring is in front of acidic
proton of AlO4 tetrahedron (O...H-N = 148◦). In the closed region, the proton transfer between BAS
and 44BPY leading to the formation of the ion pair complex does not occur spontaneously. It passes
through the formation of the slightly stable hydrogen bound complex, and a very low barrier that can
be crossed by the vibrational zero point energy [15,29]. In this case, the 44BPYH+ cation within the 10R
channel moves away from AlO4 tetrahedron. The optimized O . . . H-N distance is 2.88 Å. Therefore,
it is not complexed to the zeolite framework by a strong hydrogen bond, but is rather considered as a
solvated ion in the zeolite cavity. Indeed, the molecule adjusts its position and orientation in order
to reduce the steric constraints of the confinement effects of the zeolite framework and thus tends to
become parallel to the 10R channel axis (denoted (z) in Figure 1). It should be noted that for Si/Al = 15,
the bidentate 44BPYH2

2+/32T2− ion pair complex could be formed by the transfer of the second proton
(with some barrier) from either the open region or the closed region to the 44BPYH+ cation within
closed or open monodentate ion pair complex, respectively [29]. In this bidentate ion pair complex,
the position of each pyridinium cation is almost similar to that of the corresponding monodentate ion
pair complex [29]. As a consequence, the 44BPYH2

2+ dication must bend around the C-C interring axis.
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Table 1. B3LYP optimized intermolecular geometrical parameters of PY and 44BPY adsorption
complexes formed in the open and closed regions of the 32T cluster for Si/Al = 15 and 31.

Si/Al Geometrical
Parameters 1

PY + 32T 44BPY + 32T

PYH+/32T− 44BPYH+/32T− 44BPYH2
2+/32T2−

Open Closed Open Closed Open Closed

31
(31Si,1Al)

NH 1.060 1.052 1.036 1.024
OH 1.646 1.717 1.884 2.596
NO 2.698 2.698 2.744 3.301

NHO 171.4 153.3 138.2 125.8

15
(30Si,2Al)

NH 1.060 1.052 1.039 1.024 1.046 1.028
OH 1.642 1.711 1.875 2.599 1.826 2.392
NO 2.696 2.695 2.781 3.316 2.760 3.147

NHO 172.0 153.8 143.7 126.9 146.7 129.5
1 Bond lengths in Ǻ, and angles in ◦.

The corrected adsorption energies (Eads) of PY and 44BPY ligands calculated at the B3LYP and
M06-2X-D3 levels are listed in Table 2. For all adsorption complexes considered here, Eads values
calculated at the B3LYP level are much lower compared to the M062X-D3 values. At the B3LYP level,
except for the adsorption of PY in the open region where there is free space available, PY and 44BPY
adsorbed on the BAS of the 32T cluster model are not or little bounded. This is not surprising, owing to
the lack of dispersive vdW interactions in the B3LYP functional and the importance of the steric effect
due to the lack of free space, especially in the closed region. However, B3LYP calculations allow us to
evaluate the steric effect. For example, the destabilization due to steric constraints of the adsorbed
PY in the closed region can be approximately estimated as the B3LYP interaction energy difference
between the closed and open regions (19.5 kcal/mol). At the M06-2X-D3 level, due to the dispersive
vdW interactions that are accounted for at this level, the stability of the two ion pair complexes
formed in the open and closed regions increases considerably, especially in the closed region where
the dispersion energy Edisp is calculated to be more than twice higher (~25.0 kcal/mol) than that of
the open region (~11.9 kcal/mol). The dispersive vdW interactions represent ~34% and ~88% of the
total corrected adsorption energies of ~−35.2 and ~−28.4 kcal/mol for PY adsorbed in the open and
closed regions, respectively. The adsorption energy difference between both complexes decreases
from 19.5 kcal/mol calculated at the B3LYP level to 6.8 kcal/mol estimated by M06-2X-D3 calculations.
It should be emphasized that whatever the level of calculation, the Si/Al ratio has no influence neither
on the total corrected adsorption energy nor on the dispersion energy of pyridine because the Al sites
are spaced far enough apart to have properties of isolated sites.

Table 2. BSSE corrected adsorption energies (Eads), and estimated dispersion energies (Edisp) for PY
and 44BPY adsorption complexes formed in the open (op) and closed (cl) regions for Si/Al = 15 and 31,
calculated at B3LYP and MO6-2X-D3//B3LYP levels. All energies are in kcal/mol.

Adsorption
Complexes

Si/Al = 15 Si/Al = 31

Eads Edisp
1 Eads Edisp

1

B3LYP M06-2X-D3 B3LYP M06-2X-D3

(PYH+/32T−)op −23.2 −35.2 −12.0 −23.5 −35.3 −11.8
(PYH+/32T−)cl −3.7 −28.4 −24.7 −3.1 −28.5 −25.4

(44BPYH+/32T−)op −0.7 −44.0 −43.3 +3.9 −36.8 −40.7
(44BPYH+/32T−)cl +2.1 −39.0 −41.1 +12.0 −25.5 −37.5
44BPYH2

2+/32T2− −3.2 −44.2 −41.0
1 Edisp = Eads(M062X-D3) − Eads(B3LYP).
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In the case of the 44BPY adsorption in the straight channel of H-ZSM-5 zeolite, since it is a large
bidentate ligand, there is a large molecule/zeolite surface contact area. Obviously, the confinement
effect is much more important for 44BPY than for PY. The 44BPY bidentate ligand could thus interact
with two Brønsted acid sites associated with two Al atoms quite apart from each other and located in
the open and closed regions. Consequently, the Si/Al ratio could have effects on the energetic properties
of 44BPY adsorption. For Si/Al = 31, when 44BPY interacts with the BAS, only a monodentate ion
pair complex is formed either in the open region, or in the closed region depending on the position
of Al site. The stability of 44BPY adsorption complexes are completely due to the dispersive vdW
interactions executed by confinement effect of the zeolite framework. As in the case of PY adsorption,
the corrected adsorption energy calculated at the M062X-D3 level of 36.8 kcal/mol for 44BPY adsorbed
in the open region is larger by 11.3 kcal/mol than that calculated for 44BPY adsorbed in the closed
region. This relative stability of 44BPY adsorption complexes is mainly due to the steric effect, which is
more important in the case of the closed region.

For Si/Al = 15, the 32T cluster has two BAS located in two different regions. Thus, three types
of adsorption complexes are involved in the proton transfer from BAS of zeolite to 44BPY ligand.
In addition to the two monodentate ion pair complexes, a bidentate ion pair complex is formed by
the transfer of the second proton to one or the other monodentate ion pair complex. The stability of
these complexes is also entirely governed by the confinement effect. The adsorption energies of these
complexes increase in the following order: (44BPYH+/32T−)cl < (44BPYH+/32T−)op < 44BPYH2

2+/32T2−.
The mechanism of the double proton transfer reaction leading to the formation of the bidentate ion
pair complex was largely discussed in our previous papers [27–29]. In comparison with Si/Al = 31,
the corrected adsorption energies are larger, especially for closed monodentate ion pair complex and
the relative stability of these complexes is smaller. It does not exceed 5.2 kcal/mol. The high stability of
the adsorption complexes for Si/Al = 15 with respect to that for Si/Al = 31 is due to the fact that, in the
case of Si/Al = 15, the second pyridyl ring of the monodentate ion pair complexes is not far from the
second Brønsted acid site to interact with it.

3.2. Vibrational Frequencies

In the 1400–1700 cm−1 spectral region, among the four combined ring stretching and in-plane
CH and/or NH bending vibrational modes, 19b and 8b modes, and to a lesser extend 8a mode,
allow distinguishing the different adsorption complexes (hydrogen bond, Lewis and ion pair
complexes) [5,35]. The fourth mode 19a has the same frequency in all complexes. In the spectral region
around 1000 cm−1, the two combined in-plane ring deformation and ring stretching modes 12 and 1
allow also differentiating the PY adsorption complexes [36].

The B3LYP calculated vibrational frequencies of PY free or adsorbed within the ion pair complexes
formed in the open and closed regions of the 32T cluster for both Si/Al ratios (15 and 31) are listed in
Table 3 together with the available experimental data. The experimental and B3LYP frequency shifts
on going from PY to protonated species PYH+ are also reported in Table 3.
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Table 3. Experimental and B3LYP calculated frequencies (cm−1) of in-plane modes in the 1400–1700 cm−1

spectral region and around 1000 cm−1 for free PY and PYH+ complexed to H-ZSM-5.

Vibrational
Modes 1

PY PYH+/32T−

Exp 2 Calc 3 Exp 4,5
Closed Open

Si/Al = 15
Calc 3,5

Si/Al = 31
Calc 3,5

Si/Al = 15
Calc 3,5

Si/Al = 31
Calc 3,5

1 991 987 1007 (+16)–1015 (+24) 994 (+7) 990 (+4) 994 (+7) 990 (+4)
12 1032 1021 1025 (−7)–1035 (+3) 1013 (−8) 1021 (−1) 1013 (−8) 1021 (0)

19b 1442 1446 1530 (+88)–1550 (+108) 1560 (+114) 1557 (+111) 1560 (+115) 1556 (+111)
19a 1483 1487 1485 (+2)–1500 (+17) 1485 (−2) 1493 (+6) 1485 (−2) 1493 (+7)
8b 1581 1591 1630 (+40)–1640 (+50) 1661 (+70) 1645 (+54) 1661 (+70) 1645 (+54)
8a 1590 1595 1608 (+27)–1623 (+42) 1630 (+35) 1636 (+40) 1630 (+35) 1635 (+40)

1 Notation used in Ref. [37]. 2 Ref. [38]. 3 Scaling factor of ~0.968. 4 Ref. [5,35,36]. 5 Frequency shifts with respect to
free PY in parentheses.

In general, whatever the cluster considered (Si/Al = 15 or 31, open or closed region), a good
agreement is obtained between the scaled frequencies and the experimental values for free and
adsorbed PY. The frequency shifts on going from free PY to PYH+ within the ion pair complexes are
also well calculated. It is to be noted that these present results obtained with the 32T realistic cluster
are quite similar to those obtained previously with smaller 12T cluster models of Si/Al = 2 [15]. For a
given region, whatever the Si/Al ratio, the frequencies of PYH+ within the ion pair complexes are
identical. For a given Si/Al ratio, whatever the region considered, the frequencies of PYH+ are only
slightly different; they differ by only 8 ± 5 cm−1. Thus, the vibrational modes of adsorbed PY are
essentially of local nature; they depend neither on the Si/Al ratio nor on the confinement. In the spectral
range between 1400 and 1700 cm−1, the three modes 19b, 8b, and 8a undergo significant positive shifts
from PY free to PY adsorbed within the ion pair complexes. For modes 19b and 8b, the large upward
shift is principally due to a mechanical effect, i.e., to the coupling with the anharmonic in-plane NH
bending vibration of same symmetry (~1405 cm−1). It should be noted that the 8b mode is calculated
at higher frequency by ~16 cm−1 in the open region with respect to the closed region. Indeed, in the
closed region, mode 8a loses its original A1 symmetry (C2v) upon adsorption, and becomes coupled to
mode 8b and to the in-plane NH bending vibration. It results that the contribution of the in-plane NH
bending coordinate in the potential energy distribution [37] of mode 8b is reduced, which leads to a
decrease of its frequency, and consequently of its frequency shift. The significant positive shift upon
adsorption calculated for mode 8a is mainly due to an electronic effect. This shift may be compared to
those already observed upon quaternization of the pyridyl ring [37,39]. In the case of the closed region,
the coupling with the in-plane NH bending vibration may explain the systematic larger vibrational
shift with respect to the open region.

For 44BPY, as for PY, the two spectral regions particularly sensitive to the interaction with the
adsorbing sites are located between 1400 and 1700 cm−1, and around 1000 cm−1. The comparison
between the theoretical and experimental frequencies concerns only the vibrational modes observed in
both spectral regions. Although the two pyridyl rings are located in different zeolite environments,
the symmetry of both protonated species 44BPYH+ and 44BPYH2

2+ is only slightly affected. For 44BPY
isolated and for 44BPYH2

2+ free [37] or occluded in zeolite, these modes are the inter-ring stretching
mode (Ω) and the A symmetry components of six pyridyl in-plane vibrations (the ring stretching
and/or CH bending modes 8a, 19a, 9a and 18a, and the deformation ring modes 12 and 1). For 44BPYH+

free [37] or within H-ZSM-5, both components of these six modes are of A symmetry and so may be
observed in the Raman spectra.

The B3LYP calculated frequencies of 44BPYH+ within both monodentate ion pair complexes in
the open and closed regions for both Si/Al ratios (15 and 31) are compared with the available observed
frequencies [29] in Table 4. The experimental and calculated frequency shifts on going from 44BPY to
44BPYH+ within the ion pair complexes are also given in Table 4.
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Table 4. Experimental and B3LYP calculated frequencies (cm−1) of in-plane modes in the 1400–1700 cm−1

spectral region and around 1000 cm−1 for free 44BPY and 44BPYH+ complexed to H-ZSM-5.

Vibrational
Modes 1,2

44BPY 44BPYH+/32T−

Exp 3 Calc 4 Exp 5,6

Si/Al = 100

Closed Open

Si/Al = 15
Calc 4,6

Si/Al = 31
Calc 4,6

Si/Al = 15
Calc 4,6

Si/Al = 31
Calc 4,6

6b-B3 659 663 652 (−7) 647 (−16) 649 (−14) 645 (−18) 642 (−21)
1-A 762 750 764 (+2) 754 (+4) 752 (+2) 751 (+1) 764 (+14)

12-B1 989 988 994 (+5) 1004 (+15) 996 (+8) 1006 (+18) 999 (+11)
12-A 1001 994 1012 (+11) 1017 (+22) 1018 (+24) 1021 (+27) 1016 (+21)

18a-B1 1075 1076 1064 (−11) 1075 (−1) 1076 (0) 1073 (−3) 1067 (−9)
18a-A 1075 1079 1081 (+6) 1084 (+5) 1088 (+9) 1090 (+11) 1093 (+14)
9a-B1 1218 1228 1209 (−9) 1220 (−8) 1223 (−5) 1224 (−4) 1218 (−10)
9a-A 1216 1231 1222 (+6) 1242 (+11) 1243 (+12) 1240 (+9) 1238 (+7)
Ω-A 1300 1291 1290 (−10) 1279 (−12) 1282 (−9) 1278 (−13) 1281 (−10)

19a-B1 1487 1496 1516 (+29) 1502 (+6) 1502 (+6) 1505 (+9) 1500 (+4)
19a-A 1514 1516 1531 (+17) 1534 (+18) 1533 (+17) 1533 (+16) 1526 (+10)
8a-B1 1589 1608 1634 (+45) 1653 (+45) 1656 (+48) 1651 (+43) 1647 (+39)
8a-A 1604 1614 1615 (+11) 1620 (+5) 1609 (−6) 1620 (+6) 1613 (−1)

1 Notation used in Ref. [37]. 2 D2 symmetry for 44BPY. 3 Ref. [39,40]. 4 Scaling factor of ~0.978. 5 Ref. [29].
6 Frequency shifts with respect to free 44BPY in parentheses.

In our previous exhaustive publication [29], we largely studied the vibrational properties of
44BPY adsorbed in the straight channel of H-ZSM-5 modeled by the same realistic cluster 32T of
Si/Al = 15. In the present study, we compare these vibrational results with those obtained with the
cluster 32T of Si/Al = 31. As can be seen from Table 4, there is a satisfactory agreement between the
scaled frequencies and the experimental values whatever the Si/Al ratio (15 or 31) and the region
(open or closed) for the monodentate ion pair complexes and for Si/Al = 15 for the bidentate ion pair
complex. The frequency shifts on going from 44BPY to both protonated species are also rather well
calculated. For a given region, whatever the Si/Al ratio, or for a given Si/Al ratio, whatever the region
considered, the frequencies of 44BPYH+ within the ion pair complexes are quite similar (mean absolute
difference of 4 ± 3 cm−1 and 5 ± 4 cm−1, respectively). As in the case of PY adsorption, the vibrational
properties of 44BPY adsorption are of local nature and are quite insensitive to the confinement and to
Si/Al ratio.

For monodentate complexes, the high frequency component corresponding to the pyridinium
ring of mode 8a, and for the bidentate complex, both components of mode 8a [29] are the most affected
among the observed modes upon adsorption. This upward shift of ~40 cm−1, comparable to PY one,
is also explained by an electronic effect.

4. Conclusions

Based on the cluster DFT-D calculations of PY and 44BY adsorption at two different sites located
in the open (intersection region) and/or closed regions (narrow region between two intersections)
of H-ZSM-5, we analyzed how the confinement effects and Si/Al ratio influence the stability of ion
pair adsorption complexes involved in the proton transfer reaction between Brønsted acid site and
PY or/and 44BPY ligands. Our calculation results indicate that the open region is energetically more
favorable than the closed region for all PY and 44BPY adsorption complexes owing to the predominance
of the dispersive vdW interactions over steric constraints exerted by confinement effects. Except for
ion pair adsorption complex of PY formed in the open region, the stability of all adsorption complexes
considered in this study is completely governed by dispersive vdW interactions. For pyridine, the Si/Al
ratio has no influence neither on the total adsorption energy nor on the dispersion energy as the Al
centers are spaced far enough apart to have properties of isolated sites. In contrast, the effect of Si/Al
ratio is significant on the adsorption energies and the relative stability of 44BPY adsorption complexes.
Finally, unlike the adsorption energetics, our results clearly show that neither the effect of the Si/Al
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ratio nor the confinement effect has a significant influence on the vibrational frequencies of PY and
44BPY within their adsorption complexes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-3197/8/3/81/s1,
Figure S1: PY adsorption complexes in the open and closed regions of the 32T cluster for Si/Al = 31, Figure S2:
44BPY adsorption complexes in the open and closed regions of the 32T cluster for Si/Al = 31, Table S1: Cartesian
coordinates of the structures of 32T clusters with Si/Al = 15 and 31, and of all the PY and 44BPY adsorption
complexes optimized at the B3LYP/6-31+G* level.
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