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Abstract

Adsorption enthalpies of N2, CO, CH3CN and NH3 on H-BEA and H-MFI zeolites have been measured calorimetrically at 303K in order
to assess the energetic features of the various interactions occurring within the zeolite nanocavities, namely: (i) specific adsorption on Lewis
and Brønsted acidic sites; (ii) H-bonding interactions with hydroxyl nests; (iii) dispersive forces interactions with the walls of the cavities
(confinement effects). Confinement effects have been investigated on an all-silica MFI zeolite (silicalite). The interaction of the molecular
probes with model clusters mimicking Lewis and Brønsted sites has been simulated at ab initio level. The combined use of the two different
approaches allowed to discriminate among the different interactions contributing to the measured heat of adsorption (−�adsH). Whereas
CO and N2 single out contributions from Lewis and Brønsted acidic sites, CH3CN and NH3 are not preferentially adsorbed on Lewis sites,
suggesting that the adsorption on Brønsted sites is competitive with Lewis sites. The zero-coverage heats of adsorption for the different probes
on the various systems correlate well with the proton affinity (PA) of the molecular probes.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Proton-exchanged zeolites are widely used as heteroge-
neous solid catalysts for acid-catalysed reactions requiring
(high) Brønsted acidity[1–4]. The acidic features of zeo-
lites are indeed dominated by the presence of proton acidic
≡Si(OH)+Al−≡ species, which are originated by the iso-
morphous substitution of some Si atoms by Al in the sil-
ica framework. A great deal of work has been devoted in
the past decades to the characterisation of≡Si(OH)+Al−≡
species, and much about their structure and properties is
known [5–9]. Whereas the Brønsted acidic sites population
depends upon the Si/Al ratio, their acidic strength seems to
depend on the structure of the three-dimensional network
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and on the local atomic environment of the site[4]. Unfor-
tunately the quantitative characterisation of the acidic prop-
erties of the≡Si(OH)+Al−≡ species is not yet routinely
available[10] for a number of reasons, among which the
simultaneous presence in zeolitic systems of other sites ac-
tive towards the probe molecules routinely used. Indeed, a
far less understood feature of some zeolites (�-zeolite is a
well known case[11,12]) is their ability to show also Lewis
acidic properties. At variance with the detailed knowledge of
the Brønsted features described above, little is known about
the Lewis sites nature and structure. Lewis acidic sites are
relevant in many catalytic processes (i.e., Friedel–Crafts re-
actions), acting as electron acceptor centres giving rise to
charge transfer processes. For this reason, some authors as-
sociate Lewis acidity in zeolites with framework trigonal Al
atoms, originated by the former Brønsted sites as a result
of thermal dehydroxylation[13]. Conversely, other research
groups have hypothesised that Lewis sites are made up of ex-
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traframework AlIII species, leached from the zeolites frame-
work during severe chemical or thermal treatments which
induce the well known dealumination processes[14–16].
The actual nature of the Lewis centres in zeolites is then still
doubtful and one of the aims of the present work is to pro-
vide new insight in their structural and energetic features.

In order to characterise the acidic sites in the zeolites
nanocavities, the interaction of four probe molecules of in-
creasing basic strength (N2, CO, CH3CN and NH3) with ze-
olites of different structure and Si/Al ratio has been studied
by adsorption microcalorimetry at 303 K. The basic strength
of the probes has been quantified on the basis of their proton
affinity (PA) [17].

H-� zeolite (BEA structure[18,19]) has been investi-
gated because it is particularly rich in Lewis centres, which
are known to be mainly localised at the stacking faults be-
tween the two equally stable crystalline phases. An H-�ze-
olite is thus a prototype for Lewis-rich zeolites. Conversely,
H-ZSM-5 zeolite (MFI structure[20]) has been chosen be-
cause it sports mainly Brønsted acidic sites[21], even though
some fraction of defective Al species exhibiting Lewis acid-
ity is present in the structure[22]. In addition to the specific
interaction with the acidic centres each probe molecule is
expected to interact through dispersive forces with the walls
of the pores giving rise to the well knownconfinement ef-
fect [23,24]. H-ZSM-5, in virtue of its smaller pore size
(≈5.6 Å) is expected to manifest a largerconfinement effect
than H-� (≈6.7 Å [23–25]). Such an effect has been quan-
titatively investigated in the present work by adsorbing the
probes on an Al-free defective MFI zeolite (silicalite[26]),
which contains abundant “hydroxyl nests” (framework de-
fects due to Si atoms vacancies[27]) and external isolated
silanols (SiOH groups terminating the crystals[28]), both
characterised by mild Brønsted acidic properties.

For all considered probes the enthalpies of adsorption
(q = −�adsH) have been measured for the three different
zeolites as a function of increasing coverage. The reported
heat values have, however, an intrinsic average meaning, in
that they result from both the specific interaction with Lewis
and Brønsted centres, and the non-specific dispersive inter-
actions with the zeolite walls. In order to gauge the various
contributions to the measured heats of adsorption, ab initio
calculations of the binding energies (BE) of the probes with
model clusters representative of both Lewis and Brønsted
sites have also been performed.

2. Experimental

2.1. Materials

H-� zeolite (BEA, Si/Al = 9.8, Al/uc= 5.9), H-ZSM-5
(MFI, Si/Al = 15, Al/uc= 6.0), Na- and Al-free defective
silicalite (MFI, Si/Al → ∞), kindly supplied byPolimeri
Europa,Novara, Italy. All samples have been vacuum ac-
tivated (p ≤ 10−5 Torr, 14 h) at T = 673 K (H-ZSM-5

and silicalite) orT = 873 K (H-�), in order to achieve the
maximum dehydration of the surface compatible with the
stability of the structure.

2.2. Methods

2.2.1. Adsorption microcalorimetry
The heats of adsorption have been measured at 303 K by

a heat-flow microcalorimeter (Calvet C80, Setaram) in order
to evaluate the enthalpy changes related to the adsorption as a
function of increasing coverage. A well-established stepwise
procedure was followed[25,27,29,30]. The calorimeter was
connected to a high vacuum (p≤ 10−5 Torr) gas-volumetric
glass apparatus, which enables to determine simultaneously
the adsorbed amounts (nads) and the integral heats (Qint)
evolved for small increments of the adsorptive. The calori-
metric data are reported in the present paper asdifferential
heats(qdiff = δQint/δnads= −�adsH). Theqdiff curves re-
ported in the plots are the derivatives of theQint versusnads
polynomial functions (not reported for the sake of brevity)
which best fit the equilibrium data obtained, whereas the
experimental points are the partial molar heats of adsorp-
tion defined as (�Qint/�nads). These latter quantities are
obtained by the experimental�Qint/�nads versusnads his-
togram[31]. The differential heat extrapolated to vanishing
coverage (q0 = (−�adsH)0) represents the enthalpy change
for the adsorption on the most energetic sites active in the
early stage of the process. The pressure was monitored by a
transducer gauge (Ceramicell 0–100 Torr, Varian).

2.2.2. Molecular modelling
All calculations have been run at ab initio level using

the B3-LYP functional on selected molecular clusters mod-
elling the different sites. For Lewis sites, in order to mimic
the different geometrical strains around thecusAl III likely
present in the real material, two different clusters (LSC and
LLC, Fig. 1) have been adopted; for the Brønsted site (BRO
cluster,Fig. 1) one Si atom has been replaced by Al in a
cluster cut out from the faujasite unit cell (adopted because
of its geometrical rigidity). For calculations involving the
LSC cluster, full B3-LYP/6-31+ G(d,p) geometry optimi-
sation has been carried out, whereas for the LLC cluster, the
ONIOM[B3-LYP/6-31+ G(d,p):MNDO] method[32] has
been adopted to save computer resources. For the Brønsted
site, either free or in interaction, full geometry optimisation
with the ONIOM[B3-LYP/SVP:AM1] method has been car-
ried out. The model regions, for both Lewis and Brønsted
sites, are shown as balls and sticks inFig. 1. For the ONIOM
optimised structures, single point B3-LYP/6-31+ G(d,p)
energy calculations have been carried out, from which
binding energies, corrected for the basis set superposition
error (BSSE), have been computed. N2, CO (C-down) and
CH3CN (N-down) have been adsorbed on LSC, LLC and
BRO model sites as “end-on” complexes, whereas NH3 has
been adsorbed on both model sites throughout the N atom.
These arrangements are the most stable ones because they
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Fig. 1. Cluster models treated ab initio (LSC and LLC model: the Lewis site; BRO: the Brønsted site). Atoms shown as balls belong to the model region
in the ONIOM calculation.

allow the most favourable charge-transfer process at Lewis
sites and the linear geometry of the H-bonded complexes.

3. Results and discussion

3.1. Adsorption microcalorimetry

In Fig. 2the differential heats of adsorption of N2 (section
a) and CO (section b) on H-�and H-ZSM-5 zeolites are re-
ported as a function of the adsorbed amounts, in comparison
with silicalite. The interaction of both probes with the nom-
inally non acidic silicalite is very scarce, as witnessed by
the low heat of adsorption (qads≈ 14 and 18 kJ/mol for N2
and CO respectively) which is almost constant with cover-
age and can be taken as a measure of theconfinement effects
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Fig. 2. Section (a): differential heats of adsorption (303 K) of N2 on H-� (�), H-ZSM-5 (�) and on defective silicalite (�) reported as a function of
the adsorbed amounts. Section (b): differential heats of adsorption (303 K) of CO on H-� (�), H-ZSM-5 (�) and on defective silicalite (�) reported
as a function of the adsorbed amounts.

due to the dispersion forces in the zeolite cavities[25], vide
infra. By contrast the interaction of the two probes with the
acidic H-� and H-ZSM-5 zeolites is clearly stronger than
with silicalite. The heats of adsorption decrease upon in-
creasing coverage, as usual for heterogeneous surfaces. In
the present case, the heterogeneity is due to the presence
of, at least, two different families of sites, i.e., Brønsted
and Lewis acidic sites of different strength. In the N2 case,
the low coverage enthalpy values show that on H-�a fam-
ily of acidic sites slightly stronger than the H-ZSM-5 ones
is present (approachingq0 ≈ 45 kJ/mol at vanishing cov-
erage, seeFig. 2a). The differences in the energetic of the
interaction between H-�and H-ZSM-5 are not relevant (the
zero-coverage heat for this latter is≈40 kJ/mol and the over-
all adsorption features for the two zeolites are quite similar),
even though the population of Lewis acidic sites is more
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abundant on H-�than on H-ZSM-5[25]. From computa-
tional data (vide infra), it turns out that the interaction en-
ergy of N2 with the Brønsted site is negligible on an absolute
scale. This means that, basically, only the contribution from
the Lewis sites does affect the measured heat, particularly
at vanishing coverage.

In the case of CO adsorption the heat versus coverage
plots (seeFig. 2b) show remarkable differences between the
two investigated acidic systems. In particular, even though
the zero-coverage heat values are very close as for the N2
adsorption (q0 ≈ 60 and 70 kJ/mol for H-ZSM-5 and H-�,
respectively), the H-�values remain almost constant at
q ≈ 60 kJ/mol along a wide coverage interval, indicating
the presence of relatively large amounts of defective AlIII

species, available for�-coordinating CO. This is confirmed
by the enthalpy values (both zero- and low-coverage) which
are compatible with the formation of AlIII ← CO complexes
on strong acidic sites[29].

By contrast, in the H-ZSM-5 case theqdiff versusnads
curve rapidly decreases at increasing coverage and ap-
proaches a plateau at≈30 kJ/mol. This latter value is
typical of the formation of OC–H-bonded adducts on
Brønsted≡Si(OH)+Al−≡ sites [33]. The fact that in the
early stage of the adsorption the enthalpy values are larger
than 30 kJ/mol confirms that in H-ZSM-5 a fraction of
Lewis acidic sites is present, in agreement with what gen-
erally accepted for ZSM-5 materials[22] and with our
IR-spectroscopic evidence (data not reported for the sake
of brevity). These sites are both less abundant and less
energetic on H-ZSM-5 than on H-�, suggesting a different
nature (e.g., non-framework/framework, different geomet-
rical strain) of the Al species in the two systems. The
enthalpies of adsorption of CO cover a wide range of values
from the zero-down to the high-coverage values (q0 ≈20
and≈30 kJ/mol for H-�and H-ZSM-5, respectively). The
formation of H-bonded adducts on Brønsted sites (which
involves a much lower energy of interaction than the co-
ordination on Lewis sites) is favoured at highpCO and
apparently occurs on sites much more heterogeneous on
H-� than on H-ZSM-5, for which a nearly constant heat of
adsorption has been measured at high coverage (Fig. 2b).
The process becomes eventually less energetic on H-�than
on H-ZSM-5, which is characterised by a microporous sys-
tem of smaller cavities, confirming that theconfinement
effect due to the influence of the walls of the cavities is
more pronounced for the 10-membered MFI than for the
12-membered BEA structure. This is also witnessed by
Ar adsorption, which has been found to be very weak and
non-specific (opposite to what reported in ref.[34] for dif-
ferent systems) but involving a heat of adsorption lower
for H-� than for H-ZSM-5 (16–7 kJ/mol and 27–14 kJ/mol,
respectively,[25]).

The effect due to the presence of the nanocavities is en-
ergetically quantified by the nearly constant heat of adsorp-
tion of CO and N2 on silicalite, in agreement with Savitz
et al.[35] for CO adsorption at 195 K. The Na- and Al-free

Table 1
Experimental zero-coverage enthalpy of adsorption (q0 = (−�adsH)0) on
H-� zeolite in comparison with ab initio BSSE corrected binding energies
values, computed for the LSC and LLC clusters (models of the Lewis
site) and for BRO cluster (model of the Brønsted site)

Probes PA (−�adsH)0 LSC LLC BRO

N2 494 45 56 38 6
CO 594 70 84 64 10
CH3CN 779 115 173 134 36
NH3 854 140 212 175 62

Gas phase proton affinities PA of the probe molecules are reported. All
data in kJ/mol.

defectivesilicalite studied in the present work is much more
reactive than expected for aperfectsilicalite exposing only
virtually inert SiOSi bridges in that the former contains
abundant hydroxylated species (hydroxyl nests), available
for H-bonding interactions[26,27].

By comparing the adsorption of N2 (Fig. 2a) and of CO
(Fig. 2b) it is clearly evident that both energy of interaction
and uptake are much larger for the latter, in agreement with
the larger gas-phase proton affinity of CO (seeTable 1). In
order to check the influence of increasing the basic strength
of the probe on the adsorption features, the zeolites under
study were put in contact with CH3CN (PA= 779 kJ/mol)
and NH3 (PA = 854 kJ/mol).

In Fig. 3 the differential heats of adsorption of CH3CN
(section a) and NH3 (section b) on H-�and H-ZSM-5 are
reported as a function of the adsorbed amounts, in compar-
ison with silicalite. The heat of adsorption are in all cases
much larger than for N2 and CO. The zero-coverage values
(q0 ≈ 120 kJ/mol for CH3CN and≈130 kJ/mol for NH3,
virtually identical for the two strongly acidic zeolites) are
consistent with the formation of either protonated or strongly
H-bonded species. For the weakly acidic silicalite theq0
value is≈60 kJ/mol for CH3CN and≈90 kJ/mol for NH3.
These values are much lower than those measured for the
strongly acidic zeolites but it is worth noticing that they are
significantly larger than the latent heats of liquefaction of
the probes (30 and 21 kJ/mol for CH3CN and NH3, respec-
tively). This result strongly suggests that the hydroxylated
species present within thedefectivesilicalite nanocavities
are able to form stable H-bonded adducts.

The presence of Al atoms in the zeolite framework, either
as≡Si(OH)+Al−≡ or cusAl III species, is readily revealed
by CH3CN and NH3 adsorption in that the heat versus
coverage curves of H-�and H-ZSM-5 lie much above than
the curves of the Al-free silicalite system. For CH3CN this
is true mostly in the early stage of the process (Fig. 3a)
whereas for NH3 the acidic zeolites curves are clearly dis-
tinguishable from silicalite in the whole coverage interval
examined (Fig. 3b). The presence in the two acidic zeo-
lites of Al atoms as≡Si(OH)+Al−≡ bridges orcus Al III

species is, however, not discriminated by the adsorption of
CH3CN or NH3. The heat versus coverage plots of H-�
and H-ZSM-5 are indeed very similar (CH3CN) or virtually
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Fig. 3. Section (a): differential heats of adsorption (303 K) of CH3CN on H-� (�), H-ZSM-5 (�) and on defective silicalite (�) reported as a function
of the adsorbed amounts. Section (b): differential heats of adsorption (303 K) of NH3 on H-� (�), H-ZSM-5 (�) and on defective silicalite (�) reported
as a function of the adsorbed amounts.

coincident (NH3), in spite of the different structure and
distribution of Lewis and Brønsted sites in the two systems.

The reported results can be interpreted as follows: if the
basic strength of the probe is low (as in the case of N2 and
CO) the interaction with the strongest sites (i.e., the Lewis
ones) definitely prevails in the early stage of the adsorp-
tion process, and only at high coverage the interaction with
Brønsted sites becomes competitive. If the basic strength of
the probe is high enough to allow the formation of either
protonated species, or strong H-bonded adducts (as in the
case of both CH3CN and NH3, [12]) the interaction with
Brønsted and Lewis sites is energetically competitive. This
is particularly so, also in virtue of the larger proportion of
Brønsted sites with respect to the Lewis ones.

In Fig. 4athe enthalpy of adsorption (q0 = (−�adsH)0)
extrapolated at vanishing coverage has been contrasted with
the gas-phase proton affinity of the probes adopted in the
present work. The Ar adsorption datum, which has been
discussed in ref.[25], has been added for comparison. A
distinct behaviour is observed for the two strongly acidic
zeolites with respect to the weakly acidic silicalite. In this
latter case, indeed, for molecular probes with low PA (Ar,
CO and N2), the energy released is quite low (<25 kJ/mol)
and very close to each other, because the interaction is dom-
inated by dispersive forces, generated by the walls of the
cavities. By contrast, for molecular probes of higher basic
strength (CH3CN and NH3), the energy of interaction lin-
early increases with PA. For the acidic zeolites (−�adsH)0
values increase linearly with PA for all molecular probes,
according to the presence of specific Brønsted and Lewis
acidic sites in the micropores.

3.2. Computational study

The contributions of Brønsted, Lewis, H-bonding and con-
finement effects to the measured−�adsH are inextricably
intermingled. InFig. 4b an attempt has been made to sin-
gle out the various component, by comparing the experi-
mental differential heats of adsorption extrapolated to zero
coverage (q0 = (−�adsH)0) measured for H-�zeolite with

Fig. 4. Section (a): zero-coverage enthalpy of adsorption vs. proton affinity
PA of the molecular probes for H-� (�), H-ZSM-5 (�) and defective
silicalite (�). Section (b): zero-coverage enthalpy of adsorption on H-�

zeolite vs. ab initio BSSE corrected binding energy, BEC. Computed data
for the LSC ( ) and LLC ( ) clusters, models of the Lewis site (as
indicated in the figure).
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the highest computed BE values, i.e., the ones for LSC and
LLC Lewis models.Table 1shows the PA values (gas phase
proton affinities, kJ/mol) and the BSSE corrected binding
energies (kJ/mol) for the complexes formed between the
probe molecules and the Lewis and Brønsted models. In the
same table the experimental (−�adsH)0 for H-� zeolite are
reported. As already anticipated, little is known about the
structural and chemical nature of the Lewis sites in zeolites,
so that two different models have been studied (LSC and
LLC, Fig. 1) mimicking different geometrical constraints
around the Al atom, apt to simulate different environment
in the real material. The LSC cluster sports the highest ster-
ical strain of the [AlO3] moiety, the Si–O–Al angle being
close to 110◦. Because of that, the oxygen lone pairs can
hardly be used to fill the Al unsatisfied valency, resulting in
an enhanced Lewis acidic strength with respect to the LLC
model, in which the Si–O–Al angle is around 145◦. Indeed,
the relevant binding energies are higher for the former than
for the latter, according to the geometrical strain of the Al
species. The BEs increase along the series N2 < CO <

CH3CN < NH3 for both models, in agreement with the PA
values of the probes. The two sets of BE values for N2 and
CO on LSC and LLC models can be assumed as a possible
energy range to which the experimental energetic data can
be compared. For CO adsorbed on the Lewis-rich H-�zeo-
lite, the (−�adsH)0 value is≈70 kJ/mol, which falls in be-
tween the two computed values (64 and 84 kJ/mol, for LLC
and LSC, respectively). The same holds for N2 adsorption,
in that (−�adsH)0 value is≈45 kJ/mol, falling between LLC
and LSC values (38 and 56 kJ/mol, respectively).

The energy of interaction of the probe molecules with the
Brønsted site follows the same trend already found for the
adsorption on the Lewis site, i.e., N2 < CO < CH3CN <

NH3. However, the BEs are by far much lower than those
computed for the Lewis site. BE values for CO and N2 re-
sulted in 10 and 6 kJ/mol, respectively. These data strongly
support the energy partition already proposed for the exper-
imental values of the heats of adsorption. Indeed, for CO the
difference in BE between the Lewis-LLC and the Brønsted
site interaction (�(BE) = 54 kJ/mol) is maximum, in agree-
ment with what indicated by the H-�and H-ZSM-5qdiff ver-
susnadscurves (seeFig. 2b). For N2, the difference between
the two sites is less pronounced (�(BE) = 32 kJ/mol), in
agreement with the similarity of the two experimental curves
(seeFig. 2a). At this point we can stress that experimental
and calculated data for N2 and CO correlate well, showing
that the largest contribution to the experimental (−�adsH)0
is due to the Lewis interaction, as clearly indicated by the
large gap between the ab initio BEs for LLC and BRO mod-
els. By contrast, the experimental values for the two polar
probes (CH3CN and NH3) are lower than those computed
for the Lewis sites showing that a sizable fraction of the
energy is due to the interaction with Brønsted sites, which
are in general weaker than the Lewis ones. This result is
confirmed by the ab initio BEs on BRO sites the values of
which are closer to the BEs for LLC site when compared

to the cases of N2 and CO, for which the Brønsted interac-
tion contribution is negligible. Thus, in the real systems the
energy of interaction of probes of high proton affinity such
as CH3CN and NH3 does involve a significant contribution
from the Brønsted sites.

4. Conclusions

The energetic features of the interaction of molecules with
Brønsted and Lewis acidic sites, hydroxyl nests and with
the cavity walls of microporous materials have been char-
acterised by adsorption microcalorimetry and by ab initio
cluster calculations simulating the interaction with the acidic
sites. Namely, N2 and CO single out mainly Lewis sites and
are also sensitive toconfinement effectsdue to dispersive
forces which are governed by the micropores size. Polar
molecules such as CH3CN and NH3 are not preferentially
adsorbed on Lewis sites with respect to the Brønsted ones,
in virtue of their ability to generate either protonated species
or strong H-bonded adducts.

The experimental zero-coverage enthalpies correlate well
with the proton affinities of the molecular probes, as well as
with the binding energies calculated at ab initio level with
model clusters mimicking LewiscusAl III acidic centres and
Brønsted≡Si(OH)+Al−≡ sites. Dispersive forces responsi-
ble forconfinement effectsin zeolite nanocavities were found
to play a major role in stabilising the van der Waals adducts
formed at the Lewis or Brønsted acidic sites as well as on
hydroxylated species on defective silicalite.
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