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Probing zeolites by vibrational spectroscopies

Silvia Bordiga,® Carlo Lamberti,**° Francesca Bonino,? Arnaud Travert® and
Frédéric Thibault-Starzyk®

This review addresses the most relevant aspects of vibrational spectroscopies (IR, Raman and INS) applied to
zeolites and zeotype materials. Surface Bronsted and Lewis acidity and surface basicity are treated in detail.
The role of probe molecules and the relevance of tuning both the proton affinity and the steric hindrance of
the probe to fully understand and map the complex site population present inside microporous materials are
critically discussed. A detailed description of the methods needed to precisely determine the IR absorption
coefficients is given, making IR a quantitative technique. The thermodynamic parameters of the adsorption
process that can be extracted from a variable-temperature IR study are described. Finally, cutting-edge space-
and time-resolved experiments are reviewed. All aspects are discussed by reporting relevant examples. When
available, the theoretical literature related to the reviewed experimental results is reported to support the
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interpretation of the vibrational spectra on an atomic level.

1. Introduction

Vibrational spectroscopies have played a large role in the
characterization of zeolites and zeotype materials.">* The
insertion of heteroatoms (Ti, Ge, Sn, Zr, Fe, Ga, and In), which
are isomorphically substituted at T centers, perturbs the [TO,]
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framework modes and can be directly detected by IR and
Raman, whereas for the studies dealing with mesoporous
materials, approaches using probe molecules have given great
potential to vibrational spectroscopies. The variety of usable
probe molecules (CO, NO, CO,, N,, H,, O,, NH;, CCl3H, CF3H,
Py, benzene, and substituted benzenes, etc.) provides a large
range of chemical reactivity and steric hindrance, significantly
increasing the number of potential experiments that can be
performed on microporous materials.

As is the case with all catalysts, zeolites also require special in situ
and operando® conditions to be properly characterized. Conse-
quently, several specific catalytic cells have been developed to allow
IR and Raman experiments under relevant conditions.**3¢**
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Table 1 Bibliometric data reporting the number of studies published in
the 1996—May 2015 time interval using the keywords (zeolite OR zeolites
OR zeotype OR zeotypes) with (IR OR FTIR OR Infrared OR “infra-red”) or
(Raman) or (INS OR “inelastic neutron scattering”) or (EEL OR EELS OR
“electron energy loss”). ISI Web of Science database

Technique N. of papers
Infrared 10133
Raman 1396
INS 129
EELS” 43

“ The number of 43 papers obtained from this bibliographic research is
actually overestimated, as several deal with electron energy loss in the
0.1-2 keV range obtained inside TEM instruments and providing
XANES-like spectra.

For the characterization of zeolite and zeotype materials,
among the different vibrational techniques, such as infrared
(IR), Raman, inelastic neutron scattering (INS) and electron
energy loss spectroscopy (EELS), to date, the most used is IR,
followed by Raman spectroscopy, INS and EELS. However, the
difference between the number of studies published on IR and
those published on Raman and INS is one and two orders of
magnitude, respectively, as shown in Table 1. Therefore, the
large majority of the examples reviewed in this study refer to IR
studies. Few concern Raman studies and one relates to INS,
whereas EELS has been overlooked owing to its need to operate
under ultrahigh vacuum conditions that are far away from the
operating medium of the catalysts.

The relatively low number of studies published on INS is
obviously justified by the relatively high difficulty of access to
neutron facilities. On the other hand, Raman spectroscopy has
to face several severe experimental difficulties such as follows:
(i) the low quantum efficiency of the Raman phenomenon,
which is a photon-in-photon-out process; (ii) the risk of
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radiation damage effects due to the relatively high power
delivered per sample unit area by the laser source; (iii) the
high fluorescence background usually emitted by zeolites after
thermal activation; (iv) the high black-body radiation background
emitted by the sample when performing high-temperature experi-
ments under in situ or operando conditions. Although severe, all
these difficulties can be overcome, at least partially, by appropriate
instrumental conditions as detailed below and high-quality results
can be obtained by Raman spectroscopy.

The intrinsically low intensity of Raman spectra can be in part
overcome by the use of more powerful laser sources; however,
this is not always a viable solution because of the collateral risk
of radiation damage effects. The use of Fourier transform Raman
spectrometers working with a near-IR (NIR) laser source or the
use of multi-channel strip detectors in dispersive geometries that
allow simultaneous collection of a significant fraction of the
spectrum is more efficient. Obviously, FT-Raman cannot be used
in operando conditions at high temperatures because of the
huge background in NIR coming from black-body radiation.
Alternatively, enhancement phenomena could be exploited. This
is the case with resonant Raman,?*?°?*°™4° where the use of a
laser with an appropriate wavelength (1), which is able to match
a particular charge transfer transition, allows the enhancement
of the Raman modes related to the species subjected to that CT
by some orders of magnitude (see Section 3.3.2). The availability
of several Raman sources of different wavelengths or of a tunable
laser is required to cover the large number of possible cases.
Alternatively, when dealing with metal nanoparticles embedded
in zeolite cages,”** it is possible to perform surface-enhanced
Raman spectroscopy (SERS) experiments.*”***> SERS is a
surface-sensitive technique that enhances Raman scattering by
molecules adsorbed on metal surfaces. The enhancement factor
can be as much as 10'°, which means that the technique may
potentially detect single molecules as well.® The drawback of
SERS is that it requires a very particular class of materials. The
aforementioned two methods allowing the enhancement of
the intensity of Raman spectra have an additional advantage
of providing a microscopic resolution to the experiment (see
Section 8). This is the case with stimulated Raman scattering
(SRS) microscopy (see Section 8.3). SRS allows the sensitivity of
Raman to be increased by several orders of magnitude by
combining two picosecond lasers (Stokes and pump lasers)
for obtaining non-linear spectroscopy,””>° reaching a spatial
resolution better than 1 um.®® SRS overcomes the speed limitation
of confocal Raman microscopy, while avoiding the non-resonant
background problem of coherent anti-Stokes Raman scattering
(CARS) microscopy.>**"®* Finally, tip-enhanced Raman spectro-
scopy (TERS)**?>%%% ig a promising scanning probe microscopy
technique that combines the chemical/structural characterization
capability of Raman spectroscopy with the spatial resolution of
atomic force microscopy (AFM). It is one of the few techniques that
provide chemical and structural information in ambient conditions
at high spatial resolution, as low as 30 nm. To the best of our
knowledge, TERS has not been applied to the investigation of
zeolitic materials to date but clearly represents an attractive method
for future investigations.

7264 | Chem. Soc. Rev., 2015, 44, 7262-7341

View Article Online

Review Article

The risk of radiation damage by the laser beam can be overcome
by the use of appropriate operando experimental cells that mimic a
fluidized-bed reactor, where the catalyst particles move continuously
inside the beam,*®** as discussed in Section 9.2.5. Finally, the
problems related to the background generated by fluorescence
centers or by black-body radiation in high-temperature experiments
can be overcome by the use of UV and far-UV lasers.”**%*"%>

On the other hand, Raman spectroscopy exhibits some
relevant advantages with respect to IR, which make it the
vibrational technique of choice in some specific applications
relevant to the zeolite class of materials. This is the case with
in situ or operando experiments that are performed in the liquid
phase using water as solvent. The huge IR absorption coefficient
of H-bonded water molecules in the liquid phase obscures the
infrared spectrum in the 4000-1000 cm ' region, whereas
Raman spectra are almost unaffected by the presence of the
liquid phase, because H,O molecule is a very poor Raman
scatterer. Raman spectroscopy is better suited to investigate
the zeolite framework stretching region of 1200-700 cm ™', which
is only partially inaccessible to IR spectroscopy owing to the fact
that the 1200-1000 cm ™" interval is obscured by the asymmetric
stretching of [TO,4] units, as discussed in Section 3.3. Finally,
Raman spectroscopy is more appropriate for investigating zeolite
deactivation processes due to the formation of coke inside the
pores (see Section 9.2.5), because the black nature of such
carbonaceous species totally absorbs mid-IR radiation. All these
aspects are discussed in this review using relevant examples.

In summary, this complex analysis of the advantages and
disadvantages of the three main vibrational techniques (IR,
Raman and INS) considerably explains the important difference
in terms of published studies, which has shown in Table 1.

Coming to the content of this review, we start by discussing
in great detail how vibrational spectroscopies have shed light
on the aspects of zeolite acidity and basicity. Brensted and
Lewis acidities are discussed in Sections 2 and 3, respectively,
whereas Section 4 is devoted to basicity, where we underline
how distinguishing between surface Lewis and Brensted bases
is misleading and should be avoided. Section 5 illustrates how
IR spectroscopy, using probe molecules of different steric
hindrance, can discriminate among different sites hosted in
crystalline nanoporous materials. The relevant problem of
making IR a quantitative technique is addressed in Section 6,
where the accurate determination of the molar absorption
coefficient ¢ is discussed. In Section 7, we review IR experiments
performed at various temperatures, showing how it is possible
to extract accurate thermodynamic quantities, such as the
entropy and enthalpy of adsorption, which are site-specific
and not averaged values, contrary to those obtained with
standard calorimetric approaches. Finally, in Sections 8 and 9
we address the cutting-edge topics of space- and time-resolved
experiments with resolutions as low as pm and ps, respectively.

It is worth stressing that this review focuses on the experi-
mental aspects of vibrational spectroscopies applied to zeolites.
This choice reflects the competencies of the authors and the
fact that this themed issue of the journal already has an
authoritative review that focuses on highlighting the advances

This journal is © The Royal Society of Chemistry 2015
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in theory and their application within the field of zeolite chemistry.*®
Notwithstanding this limitation, we are fully aware that the
contribution of theoretical calculations to the field is tremendous
and that in several cases it has been essential for the correct
interpretation of the experimental results. For this reason, if at
any time the specific reviewed experimental example was comple-
mented by a parallel ab initio calculation, the corresponding study
was mentioned and quoted. Indeed, the quoted literature reports
several contributions from highly reputed theoretical colleagues
such as Bagus, Catlow, Civalleri, Damin, Doll, Ferrari, Garrone,
Nachtigall, Nachtigallova, Pacchioni, Pelmenschikov, Ranghino,
Ricchiardi, Sauer, Ugliengo, Valenzano, van Santen, etc.

This review has been written in a modular way; thus, each section
is self-consistent and independent and can be read separately from
the remaining text. However, several cross-references among
different sections have been created to obtain a homogeneous
text that aims to go beyond the topic of each single section.

2. Bronsted acidity in zeolites
2.1. General considerations

The protonic forms of zeolites are active catalysts in a large variety
of reactions®”"* such as hydrocarbon cracking,”®”* alkylation of
aromatic hydrocarbons,”*”® alkane hydroisomerization,”” %
conversions of methanol to hydrocarbons,®* " olefins,?*%%927%7
or gasoline,**?®*° and of other oxygen compounds.'® To optimize
such reactions, an accurate determination of the acidic strength of
Bronsted sites is required.

Besides theoretical approaches, several experimental
methods have been developed to measure the acidic strength
in solids in general and in zeolites in particular. Among these,
we mention titration methods,** ¢ calorimetric measure-
ments,"">""71"° temperature-programmed desorption (TPD)
of basic molecules (like ammonia),’*® and on the spectroscopic

side, 'H'07:110:113,1217129 9 17Q130131 go)id-state NMR and
IR 18,99,120,123,125-128,132-163

66,101-113

IR spectroscopy allows to evaluate the strength of the O-H
bond by the direct measurement of 1{OH) stretching frequency:
the higher is »(OH), the stronger is the O-H bond, the less
prone is the Al-O-H zeolitic site to release H' to an adsorbed
base B, and consequently the lower is the Brgnsted acidic
strength of the site. This simple concept is clearly shown in
Fig. 1, where the IR spectra of several activated zeolites are
displayed in the O-H stretching region. Thermal activation
in vacuo at a high temperature is a mandatory pre-treatment
to remove all molecules (mainly water) adsorbed in the zeolitic
channels, which would otherwise perturb O-H stretching,
because of the following reasons. At high frequencies, all the
zeolites exhibit a peak that has a sharp maximum in a very
narrow interval (3747-3744 cm™ '), independent of the zeolite
topology and Si/Al ratio. This band tails off differently on the
low-frequency side, depending on the different materials and
reflects the presence of an internal silanol generated by one or
more Si vacancies.*®'®*"'7! In Al-free silicalite-1 (top spectrum
in Fig. 1), this silanol band is the only spectroscopic feature in

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 IR spectra of activated protonic zeolites. From top to bottom:
Al-free silicalite-1 (MFI, o), ZSM-5 (MFI, 18), ZSM-11 (MEL, 20), TNU-9
(TUN, 20), IM-5 (IMF, 16), ZSM-35 (FER, 15), B (BEA, 18), ZSM-22 (TON, 30),
ZSM-23 (MTT, 23), and Y (FAU, 3). The zeolite topology*®*'%® and Si/Al ratio
are shown in the parentheses. All the spectra have been obtained after the
thermal activation of the zeolites in vacuo to remove all molecules (mainly
water) adsorbed in the zeolitic channels, which would otherwise perturb
O—H stretching. The spectral regions corresponding to isolated, internal
and perturbed silanols and isolated, H-bonded and confined Brognsted sites
are roughly defined at the bottom using colored arrows. The intervals of
these regions are only qualitative. The dotted and dashed vertical lines
represent the position of isolated silanols and Brensted sites in H-ZSM-5
zeolite. Previously unpublished figure.

the whole y(OH) stretching region owing to the absence
of Brgnsted sites. Moreover, in this case, the low-frequency
tail reflects the presence of internal silanol nests. The high
frequency of the silanol bands reflects the almost negligible
acidic strength of the silanols. Moving to a lower frequency, the
3650-3600 cm ' interval is the region of isolated (unperturbed)
Bronsted sites. The (OH) mode of Brgnsted sites hosted in the
supercage of zeolite Y occurs at 3645 cm ™" (the literature often
refers to this band as the high-frequency (HF) band of zeolite Y).
The Bronsted sites of all other zeolites illustrated in Fig. 1 are
stronger, falling in the 3615-3600 cm ™" interval. Unfortunately,
in this case, the absolute value of the ©{OH) mode cannot be
used to establish a reliable scale for the strength of Brensted
acidity. In fact, the exact position of the band is slightly
perturbed by very weak Si-O-H---O adducts with adjacent
oxygen atoms of the framework. This fact is evident in the
case of Brgnsted sites hosted in the sodalite cage of zeolite Y,
which absorb at 3545 cm ™" (the literature often refers to this
band as the low-frequency (LF) band of zeolite Y), where owing
to the small size of the sodalite cage, hydrogen bonding with
the framework oxygen is quite strong. Section 5.1 gives a
detailed description of the IR spectrum of H-Y zeolite, and,
in particular, Fig. 20 schematically illustrates the structure of

Chem. Soc. Rev., 2015, 44, 7262-7341 | 7265
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zeolite Y. HF and LF bands are also present in H-mordenite,
although characterized by a much smaller difference in the corres-
ponding #(OH), as discussed in Sections 5.4.1 and 6.2, together
with Fig. 22 and 26. For these reasons, a reliable infrared scale for
the strength of acidity can only be obtained with the use of probe
molecules by carefully monitoring all the perturbations of vibra-
tional features induced by the adsorption of the probe on the
Bronsted site, as discussed in the subsequent section.

Finally, it is worth noting that the relative ratio between the
intensities of the IR bands associated with Brgnsted sites and
external silanols is related to two factors: the Si/Al ratio of the
zeolite and the average crystal size. When two different families of
Bronsted sites are present, such as the HF and LF components in
H-Y or H-mordenite zeolites mentioned above, the relative
intensity of the two bands does not immediately reflect the
relative populations of the two sites because the molar absorp-
tion coefficient ¢ of (OH) mode is strongly increased in the case
of H-bonding that occurs in Brensted groups confined in the
sodalite cage of zeolite Y or in the side pocket of mordenite
zeolites. These aspects will be discussed in detail in Section 6.

2.2. Brensted acidity in zeolites investigated by probe
molecules of different proton affinity: spectroscopic scale of
acidity

Vibrational spectroscopy has definitely played a major role in
elucidating the interaction mechanisms and structure of the
adsorbed species. The classical IR spectroscopic method of
studying the acidity of Brgnsted sites in zeolites is to measure
the perturbation of the vibrational modes of OH sites upon
interaction with bases. This method is based on the experimental
observation that the formation of ZH:--B adducts between a
Bronsted acid ZH of the zeolitic framework and a base B via the
acid-base reaction (see eqn (1) and Scheme 1) is accompanied by
a downward shift in the ©(OH) stretching frequency, which is
proportional to the adsorption enthalpy.

ZH+B — ZH---B 1)

This perturbation effect is not only documented for a number of
hydrogen-bonded compounds in the crystalline state'”* and for
homogeneous systems in solutions'”? but also for heterogeneous
systems like those encountered in zeolite channels™”"*>'”* and on
the surface of oxides.””>"”® In particular, one of the key questions
associated with the activity of Brgnsted groups present in zeolite
channels is related to the estimation of their acid strength and its
comparison with that of the most common mineral acids and
superacids.'*® To illustrate the results obtained by the application

B
i i
O, 0O  .O o, 0O  .,O
SsiT AL B > 2SI
o\ /7O o7\ /7O
00 00
Scheme 1 Formation of ZH---B adducts between a Brgnsted acid ZH
hosted inside a zeolite channel, Z=[(—0)3—Sil-O—[Al-(O—)s], and a base

B via a classical acid—base reaction. Previously unpublished scheme.
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of vibrational spectroscopy in a systematic way, we have chosen
zeolite  as a prototype system and we will follow, using IR
spectroscopy, the perturbation induced in (OH) stretching
frequency by B molecules characterized by a proton affinity (PA)
ranging over a very broad interval: N, (PA = 118.2 kcal mol ),
CO (PA = 141.9 keal mol '), C,H, (PA = 162.6 kcal mol™ "), C;H,
(PA = 179.5 keal mol '), H,O (PA = 166.5 kcal mol™ '), CH;CN
(PA = 188.6 kecal mol *), CH;OH (PA = 181.9 keal mol ), (CH3),0
(PA =192.1 keal mol "), tetrahydrofuran (THF, PA = 196 kcal mol )
and pyridine (Py, PA = 204 kcal mol )."*>'" All these molecules
exhibit basic character, which increases along the sequence,
and when appropriate temperature and pressure conditions are
adopted, they can form hydrogen-bonded adducts with
Brgnsted groups, as shown in Scheme 1.

The spectroscopy of homogeneous ZH- - -B systems comprising
an acid ZH and a base B can be outlined by briefly describing six
representative situations: (i) isolated ZH; (ii) ZH interacting with
B through a weak H-bond; (iii) ZH interacting with B through a
H-bond of medium-high strength; (iv) ZH interacting with B
through a strong H-bond; (v) ZH interacting with B through a
very strong H-bond; and (vi) Z™- - -H—B" hydrogen-bonded ionic
pairs, corresponding to proton transfer. Fig. 2a hereafter shows
the experimental »(OH) or ¢(BH) spectra, while the corres-
ponding potential energy profiles experienced by the proton
and the model OH (BH) vibrational spectra are shown in Fig. 2c
and b, respectively.

The complex spectral features illustrated in Fig. 2 are
described in the following in the order of increasing proton
affinity of the adsorbed base B. Because Z is not a single atom
but represents a zeolitic framework (see Scheme 1), the unper-
turbed ZH oscillator is characterized by three vibrational
modes: stretching v and bending modes 6 and y (in and out
of the plane) (see Fig. 2(b)i). The proton potential energy of
unperturbed AH is typical of an anharmonic oscillator; the
shape of the function being that of a curve with a single
minimum, see Fig. 2(c)i.

Upon interaction with a weak base B, 1(AH) stretching
undergoes a negative shift (A), which occurs in the 0-400 cm™*
interval, as well as a proportional increase in integrated intensity (1)
and full width at half maximum (FWHM). At the same time, the
bending modes 6 and y shift to higher frequencies. This is
schematically represented in Fig. 2(b)ii and ii’ and lead to the top
red spectra in Fig. 2(a). It can be easily verified that, in first
approximation, FWHM is empirically proportional to the red shift
of the band |A7(OH)| with a proportionality factor close to three-
quarters:

FWHM = ~ —3/4A7(OH) (2)

AD(OH), I and FWHM are proportional to the enthalpy of
formation of the H-bond."”® The increase in integrated intensity
and FWHM is due to anharmonic coupling between the 1(OH)
mode and the low-frequency external mode 1(Z- - -B), which is in
turn coupled with thermal bath fluctuations.'”® Because of
this anharmonic coupling, the 1(ZH-:--B) mode can be better
described as a continuum. Upon formation of a weak hydrogen
bond, the proton potential becomes more anharmonic and the

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Part (a): Experimental IR spectra of unperturbed H-B (black top curve) and H-B/B 1:1. The spectra have been displayed from top to bottom
according to the proton affinity of the bases B and classified in classes identified by the line color: N,, CO, C,H,4, C3Hg (top red spectra), CHsCN, H,O
(blue spectra), CHsOH, CH3CH,OH (orange spectra), (CH3),O, (CH3CH,),O, THF (green spectra) and NH3z and Py (bottom red spectra). The asterisks
indicate “false” bands due to the effects of the adsorption of bases on the zeolite skeletal modes, as discussed in ref. 177. The top right corner shows a
stick representation of B zeolite (BEA topology'®®) viewed from the [010] direction: Si or Al (yellow) and O (red). Part (b), frames (i—vi): qualitative
representations of the IR spectra of unperturbed and weak, medium, and strong Z-H---B or Z~---H-B* H-bonded complexes. Frames (iii-v): dotted
curves correspond to hypothetical spectra without Fermi resonance. Full curves correspond to actual spectra affected by Fermi resonance. The half-
width of the bending modes is assumed somewhat arbitrarily to slightly increase upon an increase in the hydrogen bond strength. The yellow areas
correspond to regions obscured by the skeletal modes of the zeolite framework. Part (c), frames (i—vi): schematic representation of the correlated
evolution of the proton potential energy as a function of the Z—H distance in Z-H---B or Z~---H-B™*, according to ref. 178. The separation barriers in
(v) and (vi) can be very low and a potential curve characterized by an asymmetric single flat minimum could be used instead. Adapted and used by

permission of the American Chemical Society (copyright 1997) from ref. 145.

equilibrium Ry distance increases, as illustrated in Fig. 2(c)ii
and ii’.

Upon the formation of AH---B adducts, characterized by
hydrogen bonds of medium strength, |A7| gradually increases
to 1000 cm™', with a parallel increase in I and FWHM, as
represented by the dotted curves in Fig. 2(b)iii and (b)iii’.
However, the spectroscopy of H-bonded systems of medium
strength is not as simple as illustrated by the dotted curves,
because the shape of the bands is extensively modified by
Fermi resonance effects with 26 and 2y overtones.'®* 8% Fermi
resonance occurs between two very close vibrational levels of
proper symmetry; as a consequence, the two original modes
mix together and lead to two different bands, each of which
being a mixture of the original modes."*>'® According to a
simplified approach,'®* Fermi resonance between the 1(ZH- - -B)
and 26 and 2y modes of the ZH- - -B adduct in medium-strength
hydrogen-bonded systems modifies the profile of the 1(OH)
mode with the appearance of up to three components named A,
B, and C in Fig. 2(b)iii, iii’, iv and v. The simplest case occurs
when the maximum of the ¢(ZH- - -B) mode band coincides with
the 26 band; the 2y band being outside the unperturbed
envelope of the »(OH) mode (dotted curves in Fig. 2(b)), as
illustrated in Fig. 2(b)iii. In this case, the observed 1(ZH:--B)

This journal is © The Royal Society of Chemistry 2015

band is split into two bands of equal intensity (A and B),
whereas the C band is not observed. By increasing the hydrogen
bond strength, the 26 frequency becomes higher than the
maximum of the »(ZH- - -B) band (which exhibits a progressive
red shift) and the 2y frequency decreases in its low-frequency
tail. Here, both 26 and 2y overtones become incorporated in a
further broadened »(ZH- - -B) continuum. As a consequence, the
C band starts appearing on the extreme low-frequency side with
very low (Fig. 2(b)iii") or low (Fig. 2(b)iv) intensity. The relative
intensity of the observed A, B and C bands changes gradually
from I, =~ Iz » Ic to Iy, < Iz = I- with an increase in the
strength of the hydrogen bond (from medium to strong) and an
increase in Rz (decrease in the Ryp distance) in the ZH---B
complex. The corresponding potential energy profiles are illustrated
in Fig. 2(c)iii’ and iv. Bands of this type are well known in the
literature and are usually considered to correspond to proton
potential functions that consist of an asymmetric double minimum,
with a gap in energy between the two minima decreasing as the
strength of the H-bond increases.'® The present description is
only qualitative, because the real shape of the potential curve
for hydrogen bonds corresponding to shifts Ai{OH) = —1000 cm ™"
is not well established."®® Parallel to the increase in hydrogen
bond strength, the tunneling probability also increases and
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clear localization of the proton becomes increasingly difficult
due to its fast fluctuation between the two limit structures
under the effect of external perturbations; the system conse-
quently evolves progressively towards more polar forms.

For very strong H-bonds, the interaction energy between ZH
and B reaches its maximum value and correspondingly Av(OH)
reaches its maximum (from —2000 to —2500 cm™ '), whereas
the R,p distance reaches its minimum, as shown in Fig. 2(c)v.
Under these circumstances, the potential function of the proton is
characterized by a symmetric double-minimum curve with a very
low gap in energy between the two minima or by a single broad, flat
minimum,'®> as shown in Fig. 2(c)v, where A and B components
nearly completely disappear and only the C component remains
as the dominant feature. This C band (also named band “D” by
some authors) is a very intense broad band extending towards low
frequencies, as shown in Fig. 2(b)v. This absorption is generally
modulated by a large variety of narrow Evans windows caused by
direct resonant interaction with the ¢ (and perhaps y) mode and
with the internal modes of the A and B moieties.

When the proton affinity of B approaches 200 kcal mol *
(as for NH; and Py), the H-bonding interaction between ZH and
B can be followed by a proton transfer reaction leading to the
formation of the anion Z~ and a protonated HB" hydrogen-
bonded pair. The probability that protonation can really occur
does not depend only on the strength of the H-bond (and
therefore on the proton affinity of the reactants), but also on
the stabilization of the ionic pairs; this stabilization is due, in
homogeneous conditions, to solvent effects''®'" and, in hetero-
geneous conditions, to interaction with the surfaces.'*>'®
Remembering the elementary concept that the stronger the base
B, the weaker is the hydrogen bond in the Z~---HB" pair, the
IR spectrum of the pair becomes similar again to that of
hydrogen-bonded systems of medium strength, as shown in
Fig. 2(b)vi. The frequency of y(BH"--Z7) band increases,
whereas A7(BH), I and FWHM decrease. As observed in
Fig. 2(b)vi, no attempt has been made to localize ¢ and y modes
because they are heavily mixed with internal modes of BH' (ring
modes in the case of PyH")."*®

After this general introduction, we discuss in some detail the
cases of N, CO and CD;CN probes, as shown in parts (a)-(c) of
Fig. 3, respectively. Starting from molecules with lower PA,
parts (a) and (b) of Fig. 3 illustrate the modifications induced by
hydrogen-bonding perturbations on the (OH) stretching mode
of the Bronsted groups of B zeolite as a function of the pressure
of N, and CO, respectively (the same probes were used by
Wakabayashi et al. on H-ZSM-5'%"). From the spectra, it can
be clearly inferred that upon the addition of base B, the
intensity of the ©(OH) mode of unperturbed groups (band at
3614 cm™ ') gradually declines, whereas that of the ¥(OH- - -B)
vibration (shifted to lower frequency) simultaneously increases.
The clear isosbestic points observed in both spectra confirm
that the 1:1 process illustrated in Scheme 1 really occurs in a
stoichiometric way. Other important observations are as follows:
(i) the negative shift AJ(OH) increases on passing from N,
(AD = —126 ecm ™) to CO (AP = —319 cm™ "), ie. with increasing
proton affinity of the base and (ii) the full width at half maximum
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Fig. 3 Part (a): IR spectra in the O-H stretching region of increasing
equilibrium pressures (up to 133 Pa) of N, (PA = 118.2 kcal mol™?) adsorbed
at liquid nitrogen temperature on activated H-f zeolite. Part (b): Similar to
part (a) for CO dosage (up to 1000 Pa, PA = 141.9 kcal mol™). In parts
(a) and (b) the dotted-line spectrum is that recorded before gas dosage.
Part (c): IR spectra of increasing equilibrium pressures of CDzCN adsorbed
on H-B zeolite. The solid-line spectra refer to CD3zCN equilibrium
pressures in the 0-107* Torr interval (1 Torr = 133.3 Pa), whereas the
dotted-line spectrum refers to a much higher pressure (30 Torr). Labels A,
B and C denote the three components due to Fermi resonance effects (see
text). Parts (a) and (b) adapted by permission of the American Chemical
Society (copyright 1997) from ref. 145. Part (c) adapted by permission of
Elsevier (copyright 2002) from ref. 151.

(FWHM) of the ©(OH) mode increases on passing from unper-
turbed Bronsted groups (FWHM = 20 cm™ ') to N, (FWHM =~
85 cm ') and CO (FWHM =~ 220 cm ') adducts, in fair
agreement with the empirical correlation reported in eqn (2).
The observations illustrated in Fig. 3a and b are typical of those
expected from the presence of linear hydrogen bonds'”*"®® and
are a clear demonstration of the formation of 1:1 adducts. In
accordance with the immense literature on the IR spectroscopy
of hydrogen-bonded systems, the shift to a lower frequency and
the increase in bandwidth are due to the decrease in the force
constant induced by the polarization of the O-H bond and
by coupling of the »(OH) mode with the ¢(O---B) modes of
the adducts, which consequently can be better expressed as
Y(OH- - -B) + (O - -B)."**

The formation of hydrogen-bonded adducts is also accompanied
by a perturbation of the internal modes of the base, resulting in
AD(NN) =+6 cm™ " and AP(CO) =+34 cm™ " for N, and CO probes,
respectively; we refer to the original paper for more details.'*’

This journal is © The Royal Society of Chemistry 2015
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At the highest coverages (not reported in Fig. 3b), the silanols
located on the external surfaces of the microcrystals or at
internal defects also form hydrogen-bonded adducts with
CO.™? The shift induced in the 1(OH) stretching frequency of
the silanols is definitely smaller (A7(OH) = —90 cm™ ") than that
observed for Bronsted sites; this is simply a consequence of the
fact that the shift in the ©(OH) mode of acid centers caused by
interaction with a given base is related to the acid strength of
the group itself. In other words, this different response simply
reflects the fact that the OH groups of the structural Brgnsted
sites are much stronger acids than the OH groups of the
silanols. This observation can be supported by a large amount
of experimental observations obtained with different bases and
different zeolites (see Fig. 5), thus proving its general validity.
This general correlation, which is the extension to heterogeneous
systems of the Bellamy-Hallam-Williams (BHW) relation extensively
documented for homogeneous phases,"®*** will form the
basis of the spectroscopic method for the acid strength evalua-
tion of the surface acidic sites on oxides'*® and of the Brensted
groups of zeolitic systems.'*>148197

In this review article, it is not possible to continue in the
same detailed way with the description of the spectra obtained
with molecules such as ethene, propene, and acetylene, which
come immediately after N, and CO in the PA scale (Fig. 2).
Therefore, we move to acetonitrile (PA = 188.6 kcal mol ). The
reasons for this choice are twofold: (i) the acetonitrile probe
(CH3CN and CD;CN) has been studied extensively with a great
variety of zeolites'?”14®131:177:186,1972202 3 d (ij) the acetonitrile-
zeolite complex is characterized by a complex spectroscopy
generated by Fermi resonance effects."**'®® Because these
effects are dominant in the spectra of the adducts of structural
Bronsted sites with bases of medium-strong PA, their detailed
illustration for acetonitrile complexes can be useful for the
comprehension of a great variety of experiments that involve
different and stronger bases. The spectra with increasing doses
of deuterated acetonitrile adsorbed on B zeolite*** are illustrated
in Fig. 3c, where we observe a progressive decrease in structural
Bronsted groups because of the formation of hydrogen-bonded
adducts (full-line spectra in Fig. 3c); at the highest coverages, the
band due to the silanol groups also decreases (dotted-line
spectrum). However, upon interaction with the nitrile molecule
the silanol band appears as a broad peak shifted to a lower
frequency (A#(OH) = —345 cm™'; FWHM = 260 cm '); two
absorptions with apparent maxima at 2856 and 2452 cm "
(previously named as A and B) originate from the structural
Bronsted peak (instead of the single one expected without
considering Fermi resonances). Other relevant features of the
spectra illustrated in Fig. 2 are as follows: (i) the (CN) modes of
the structural Brensted groups and weaker silanols are found at
2297 and 2275 cm™*, respectively (i.e. at frequencies higher than
those of the free molecule) and (ii) a novel band at 1325 cm ™"
appears with increasing coverage, which is ascribed to the ¢
mode of the Brensted-acetonitrile group. The last result demon-
strates that the interaction has become sufficiently strong to
shift the 4 mode into a frequency range that is not dominated
by the framework vibrations (a fact that makes it observable).

This journal is © The Royal Society of Chemistry 2015
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The observation of the precise position of the 6 mode gives us
the key for the explanation of the presence of the A-B doublet. In
fact, as the minimum separating the A and B partners is
observed at a frequency corresponding to twice that of the ¢
mode, it can be readily inferred that it corresponds to the Evans
window generated by a Fermi resonance effect between the
{OH---B) £+ 1(O---B) mode centered at 2680 cm™ ' (FWHM =
750 cm ) and the 26 overtone. In Fig. 3c, a band at 1680 cm™*
(labeled with the symbol C) is clearly evident as well. A similar
band is observed for acetonitrile on H-ZSM-5 and H-MOR."””

Once the strong Brensted groups have been fully consumed,
further addition of B leads to the progressive consumption of
the silanols (which, as discussed above, are Brgnsted sites of
weaker acidity) and also leads to the formation of liquid-like
species in the channels. From the previous considerations, it is
evident that by investigating the whole spectroscopic isotherms,
it is possible to determine the effect of the same base on two
Bronsted sites of different strengths present in the same solid
and characterized by a very similar environment. This is true not
only for the simplest bases such as N, and CO, but also for other
bases such as C,H,, C,H,, C;Hs H,0, CH;CN, CH;OH,
CH;CH,OH, (CH,),0, (CH;CH,),0 and THF. The Ai(OH) shifts
obtained by the interaction of these bases with the silanols
on the external surfaces of B zeolite are identical to those
found with silica and silicalite upon interaction with the same
bases,'3%139178,183,184,196,203204 The Aj(OH) values of the stretching
band of the strong Brensted groups are reported vs. the analogous
shift observed with silanols in the BHW plot of Fig. 4.

This type of plot is suggested by the well-known fact that in
solution it is possible to study the properties of an acid solute
X—H by directly comparing A7(XH) caused by the formation of
a 1:1 XH-: - -B adduct with the shift in frequency caused by the
same base on a second different solute X'—H (for instance,
pyrrole used as a standard). This has been verified in a variety
of solvents."®7'9*1% For each solute and for hydrogen bonds of
weak-medium strength, linear relationships are constantly
observed, and the relative slopes of the straight lines obtained
for different X—H systems have been correlated with the
PK, values of the solutes in aqueous solutions. From Fig. 4, it
clearly emerges that a linear relationship exists between the
ADpronstea(OH) shifts of the stretching mode of the strong
Bronsted sites of H- (pink € symbols), H-ZSM-5 (orange @
symbols), H-MOR (red B symbols), and H-Y (black A symbols)
zeolites and APgjano(OH) of silanols (used as standards)'?>*>'>!
and that the slope of the straight line is a characteristic parameter
of each zeolite, as shown in Table 2. The universal validity of this
correlation is also proved by the fact that the shifts in Agjjaneis(OH)
of the silanol stretching modes are also linearly correlated with the
shifts obtained for HF interacting with the same bases in an argon
matrix’*> 2 (blue * symbols in Fig. 4), which is not obvious
because of the different “solvents” (zeolite framework vs. argon).

It is worth noting that the linear correlation illustrated
in Fig. 4 holds only when ADg,4nstea(OH) of strong Brensted
site stretching modes is not greater than 1000 cm™ .
FOr AZgronstea(OH) > 1000 cm ™', the linear correlation is
lost because we are comparing strong hydrogen bonds
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Fig. 4 BHW plot of Al enstea(OH) Observed for the Brensted sites inside
H-ZSM-5 (orange @ symbol),'’° H-MOR (red B symbol),*’® H-p (pink &
symbol),**®> and H-Y (black A symbol)*’® zeolites upon the formation of 1:1
hydrogen-bonded complexes with different bases vs. Alsjianois(OH) of the
silanol groups in 1:1 hydrogen-bonded complexes with the same bases.
The different bases are labelled with the numbers: (1) O,; (2) N»; (3) N,O;
(4) COz; (5) CO; (6) C4H4S, C2H2; (7) C2H4, CGH5, C4H6,' (8) C4H40, C3H6;
(9) HC,CHjs; (10) H,O; (11) CH3CN, (CH3),CO; (12) CH3OH; (13) CHsCH,OH;
(14) (CH32)0; (15) (CH3CH,),0; (16) THF; and (17) NHsz. The blue * symbols
represent the experimental data of HF in cryogenic Ar matrices.>*>~2° For each
family of data, a straight line with the same color represents the best linear fit of
the experimental points in the Aigrgnstea(OH) < 1000 cm™ interval 25*7°
The data for H-ZSM-5, H-MOR and H-f have been fitted with a single line,
being virtually indistinguishable within the experimental errors. See Table 2
for the quantitative results of the fits. Adapted by permission of the
American Chemical Society (copyright 1997) from ref. 145.

(associated with proton potentials characterized by two minima
separated by a low or negligible energy barrier, see bottom parts
of Fig. 2) with medium-strength hydrogen bonds in SiOH: - -B
adducts (where the potentials present a single minimum).
There is another potential case where the linear correlation
foreseen by the BHW relationship will fail to hold in zeolites or
in microporous materials in general. Indeed, the BHW relation-
ship holds only if the base B is free to optimize its orientation to
maximize hydrogen-bonding interactions with the acidic site.
This may not be fully possible if the molecule B is quite large and
if the zeolite pores are quite narrow, as documented by the work
of Onida et al.,>"" which is reviewed in detail in Section 5.4.3.

From the data summarized in Fig. 3 and Table 2, it emerges
that the shifts in APgnsea(OH) are practically identical for H-MOR,
H-B and H-ZSM-5; this means that the slopes of the straight lines
corresponding to these zeolites are identical (within the range of
experimental error) and hence the acidic character of the Brgnsted
sites of all these zeolites is nearly equal. This is the reason why Pazé
et al.™* decided to report a single linear fit for these three datasets
joined together (2.93 + 0.05, see fourth row in Table 2). Conversely,
the acidity of these three solids is appreciably greater than that of
H-Y (2.59 + 0.12 in Table 2), in particular for H-ZSM-5 and H-MOR,
and much greater than HF in Ar matrix (1.30 £+ 0.04). The fact
worth noting is that the intercept value is always very small (on an
ordinate scale that goes up to 2000 cm™ '), approaching the ideal
0 cm " that is theoretically expected for a null perturbation.
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Table 2 Summary of the best linear fits produced for the Avg pnsteda(OH)
vs. Alsianois(OH) data reported in Fig. 4 for different zeolites. As the slopes
for H-ZSM-5, H-MOR and H-f zeolites are within comparable margins of
error, a best linear fit has also been reported for these three datasets joined
together (fourth row). Previously unpublished table analyzing data
reported in ref. 145, 179 and 205-210

System Slope Intercept (cm™')  R?

H-ZSM-5 2.98 £+ 0.09 8 £16 0.9887
H-MOR 2.91 £ 0.07 8 £13 0.9959
H-B 2.89 + 0.12 36 £ 23 0.9897
(H-ZSM-5, H-MOR, H-B) ~ 2.93 + 0.05 15 & 10 0.9908
H-Y 2.59 £ 0.12 14 £+ 26 0.9849
HF:Ar 1.30 + 0.04 39 +11 0.9904

It has been established that, in heterogeneous systems, the
ratio of frequency shift of the strong Brgnsted groups and that
of the SiOH groups (used as standard) measured in the same
conditions is correlated with the proton affinities given by the
following empirical relation:"*>">,174177:197

Af’Bmsled
PABrnstcd = PASilunols -4 IOg |:A~
VSilanols

(3)
where PAgjlanois = 1390 k] mol™* and A = 442.5 k] mol ™. It is
evident that this equation affords a means of measuring the
proton affinity of the Brgnsted sites of any zeolite. The most
important conclusion that can be derived is that the
AVgronsted(OH)/Algi1anos(OH) ratio is independent of the base
B used to probe the zeolite.

2.3. From H-bonds to the protonation of acetonitrile:
exploring superacidity

Zeolites have often been described as solid solvents. They can
stabilize dissociated ionic species and play the same solvating
role as water. This aspect of zeolites opens the way to a new part
of the acidity scale. Acidity in a mixture is limited by the
dissociation of the solvent in which a reaction is observed.
This is what defines the pH scale in water. It was therefore
proposed that, in the absence of water, zeolites could enable
the use of stronger acids, without the usual limit in strength
imposed by water. A strongly acidic zeolite could even contain
so-called superacidic sites in itself, and it has long been an
important objective to detect and measure such sites. It should
be noted that superacidity, by definition, disappears in the
presence of water (the system would then revert to the pH scale
between 1 and 14, as defined in water). The Hammett acidity
scale H, is used to monitor acidity outside the pH scale and the
scale is, in this way, extended to negative values. For an acid
BH' that will dissociate into B and H" with an equilibrium
constant K,, the Hammett acidity function H, is defined as
follows:

Hy = pK, + log([B[Ile}ﬂ) (4)

Concentrated anhydrous sulphuric acid has been defined as

the limit of superacidity with a Hammett constant of H, = —12.
Adding SO; to concentrated sulphuric acid yields a superacid

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Part (a): (C=N) frequency of CDzCN in solutions with various H,SO, concentrations. Part (b): Variation in {C=N) of the spectra reported in
part (a) with Ho. Adapted by permission of the Royal Society of Chemistry (copyright 1999) from ref. 212.

solution known as oleum. A [SO;-H,SO,] pair is formed (at
higher SO; concentrations, polysulphuric acids are obtained:
H,S3040, H,S4013, etc.). SOz is a strong Lewis acid that
enhances the Brgnsted acidity of H,SO, by withdrawing its
electrons. The same happens in “magic acid” HSO3;F-SbFs or in
some hydrotreated or steamed zeolites. The least trace of water
dissociates the complex and destroys superacidity (quantitatively),
and any superacidity can only be studied in perfectly anhydrous
conditions, which are very hard to obtain with zeolites. Superacidity
can be measured by protonation of very weakly basic probe
molecules, for example, some nitriles.

Anquetil et al.>"* showed that acetonitrile is protonated in
solution at H, = —10.6, as shown in Fig. 4. When the acid
strength of the solution increases, the (CN) vibration band at
2300 em ™' (for H-bonds in moderately acid solutions) shifts
towards higher frequencies and suddenly disappears when
protonation takes place. A new (CN) vibration band appears
at 2324 cm ™. This very specific spectroscopic feature is a good
way to detect protonation and measure the strength of an acidic
medium.

The acid strength at which a nitrile is protonated can be
tuned by substitution with halogen. Halogenated acetonitrile is
less basic, and the threshold for protonation shifts to stronger
acidity. Chloroacetonitrile is protonated at H, = —12.4, bromo-
acetonitrile at —12.6, and dichloroacetonitrile is only protonated
at Hy = —13.2, which leads to a powerful scale for measuring
superacidity in solids. The authors have applied this technique
to zeolites (which did not reach the level of superacidity) and
sulphated zirconia, for which protonation was measured at
H, = —13, thus revealing itself as a superacid.*"?

This shows that although some zeolites are very strong
acids, those tested in that study (including the so-called “super-
acidic” steamed Y zeolite) did not reach the threshold of
superacidity. Only some solids like sulfated zirconia®'*>'®
and the perfluorosulfonic membrane Nafion'3¢:138:139:177,217,218
were found to be superacidic.

2.4. INS and ab initio (MP2) study of the possible protonation
of H,0 in H-ZSM-5

The groups of Jobic and Sauer investigated the adsorption of water
at different concentrations in H-ZSM-5 using a combination of

This journal is © The Royal Society of Chemistry 2015

inelastic neutron scattering (INS) and DFT.>"® The study aimed
to determine whether the acidic sites in H-ZSM-5 are sufficiently
strong to protonate water.

Z OH'+ H,0 - Z OH"-- ‘H,0 = ZO ---H;0"  (5)

As discussed in depth in Section 2.2, the relevance of evaluating
the correct acid strength of a given site hosted on the internal
or external surfaces of a mesoporous material is of high
significance. It is consequently important to determine whether
reaction (5) is fully displaced to the right. Section 2.2 and Fig. 2
have shown how elegant, but complex, is the IR spectroscopy of
strong and very strong H-bonded complexes in zeolites. INS
represents an interesting alternative method to address this
problem. This technique is particularly sensitive to vibrational
modes involving motions of hydrogen because of the large
incoherent cross-section and low mass of the proton.*****" In
fact, the incoherent cross-sections of the most abundant nuclei
present in zeolitic frameworks are as follows: Si (0.004 barn,
1 barn =1 x 107>* cm?), Al (0.0082 barn), O (0.0008 barn),
P (0.005 barn), B (1.7 barn), Ti (2.87 barn), Fe (0.4 barn), Ga
(0.16 barn), Ge (0.18 barn), and Sn (0.022 barn), as compared to
that of hydrogen (82.02 barn). Furthermore, vibrational fre-
quencies below 800 cm ' are more easily observed with INS
than with IR. Another important feature is that INS intensities
are directly related to atomic displacements, which can be
computed from empirical force fields or from ab initio quantum
chemical methods.*'>**" Excellent agreement can be obtained
between experimental INS spectra and simulated spectra using
theoretical frequencies and atomic displacements as inputs.***
Because the atomic displacements of water molecules adsorbed
on Bronsted sites in zeolites were calculated for the two possible
water structures by Krossner and Sauer,”* in a subsequent study
in collaboration with Jobic, the INS spectra of water in inter-
action with an acid site were simulated and compared with
experimental data, as shown in Fig. 6.

The authors were able to conclude that simulations of INS
spectra based on ab initio MP2 calculations show that a water
molecule is attached to an acid site via two hydrogen bonds and
that the protonated species are not observed; thus, in H-ZSM-5,
reaction (5) stops at the middle term.
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Fig. 6 Part (a): Calculated INS spectrum of dehydrated H-ZSM-5. Part (b): Experimental INS spectrum of dehydrated H-ZSM-5. Part (c): INS of H,O
adsorbed on H-ZSM-5 (loading 0;: 3.5 molecules per unit cell). Part (d): Simulated INS spectrum for a hydroxonium ion (HzO™). Part (e): Simulated INS
spectrum for a water molecule hydrogen-bonded to a bridging hydroxyl group. Part (f): Difference spectrum between the experimental INS spectra
shown in parts (c) and (b). Parts (g), (h) and (i): Experimental INS spectra of water adsorbed at 35, 10.2 and 6.2 molecules per unit cell, respectively.
Adapted by permission of the American Chemical Society (copyright 1996) from ref. 219.

3. Lewis acidity in zeolites

Lewis acid centers (i.e. electron acceptor centers) in zeolites can
be of three main types: (i) charge-balancing extraframework
cations,”***?*>*! discussed in Section 3.1; (ii) extraframework
aluminum species Al**13204252244
(iii) heteroatoms substituted at framework T positions,
described in Section 3.3. Sections 3.1-3.3 are devoted to the
discussion on how IR spectroscopy is able to characterize

reviewed in Section 3.2; and
21,22,245-257

charge-balancing cations, extraframework aluminum species
and heteroatoms in zeolitic frameworks, respectively.

3.1. Charge-balancing extraframework cations

3.1.1 Alkaline and alkaline-earth cations. CO molecule has
been the most widely used probe for characterizing cationic
sites in zeolites. In the case of adsorption on alkaline and
alkaline-earth cations, the interaction is of purely electrostatic
origin because the absence of metal d-electrons prevents the
presence of 6-(M"" « CO) and n-(M"" — CO) components. The
electric field created by the positive charge of the non-d cation,
which is partially compensated by the first-shell negatively
charged oxygen atoms, causes a polarization of the CO molecule,
which depends on the local electric field strength of the site, i.e.
mainly on the charge density of the cation that is modulated by
the neighboring anions.>*??%2287230238260 The gpectroscopic

7272 | Chem. Soc. Rev., 2015, 44, 72627341

evidence for the polarization of the CO molecule is an upward
shift (blue shift) in the stretching frequency of C-O bond with
respect to the 74(CO) of the gas (2143 cm™'),**" owing to an
increase in the force constant of the C-O bond and a decrease in
the bond length,>%26>7266

The closed-shell configuration of all alkali metal cations M"
makes them ideal probing sites for a purely electrostatic inter-
action. In such a case, the perturbation of the C-O stretching
frequency (Fig. 7), Ap(CO), is proportional to the local electric
field strength (||E]|), according to the Stark effect:>*

A7(CO) oc ||E|| = (1/4nzo)(@sice/dm-co”) —||El|  (6)

where ¢, is the permittivity of a vacuum (g, = 8.854 x 10~ '* C*
m 2N ie 1/4me, = 8.9876 x10° N m? C?), e is the formal
charge of an M" site (which is lower than |e| because of the
contribution of the negatively charged framework oxygen
atoms, see the inset in Fig. 8a), —||E,|| is the contribution of
the zeolitic environment and dy;_¢o is the distance between the
nucleus of the cation and the barycenter of CO (dy-co = Rm +
Roo, where Ry is the cationic radius®®® and Rco is the semi-
major axis of CO along the C-O direction (Rco = 2.1 A),%7° see
inset in Fig. 8a). This fact is clearly evident in the spectra
illustrated in Fig. 7, which shows the IR spectra collected at a
liquid-nitrogen temperature on M-ZSM-5, part (a), and M-MOR,
part (b) (M = Cs, Rb, K and Na), where A(CO) of the main band

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Part (a): IR spectra of CO adsorbed on M*-ZSM-5 at 77 K at an
equilibrium pressure of ca. 102 Pa (M = Cs, Rb, K and Na). The main band is
due to M*...CO adducts. The shoulder present on the left side of the main
band of Rb and Cs (indicated with *) is due to a small fraction of sodium
that is still present after the ion-exchange procedure.?2® On the left-hand
side the different sizes of the cations are schematically represented. Part
(b): Similar to part (a) for M*-MOR. All the spectra are background-
subtracted. In both parts, the vertical black line represents the C-O
stretching frequency of the unperturbed molecule in the gas phase
50(CO) = 2143 cm™, whereas the horizontal arrows give a qualitative idea
of the blue shift AZ(CO) undergone by the CO molecule upon adsorption on
the cationic sites. The broad band around 2138 cm™ is due to liquid-like CO
physisorbed in the channels, 225227267268 \yhereas the band at lower wave-
numbers, indicated by a triangle in the cases of Cs, Rb and K (not visible for
Na) is due to minority M*...OC adducts. Previously unpublished figure
reporting spectra from published data in ref. 228 and 229.

follows the order Na > K > Rb > Cs. On quantitative grounds,
a linear correlation between A#(CO) and dy_co ~ is clearly
visible from the data reported as full symbols in Fig. 8. Part
(a) refers to the M-ZSM-5 and M-MOR spectra illustrated in
Fig. 7, whereas part (b) refers to other zeolitic frameworks
(ferrierite, B, and Y).

The model reported in eqn (6) was derived by Lamberti
et al.,”*° who used the experimental A7(CO) values measured by
FTIR on Na'-, K'-, Rb"- and Cs"-exchanged ZSM-5 and MOR
zeolites to determine the local positive electric field strength at
the cation site ||E|| (2-6 V nm "), the effective charge on the
cation site (ggte = +0.65-0.75 |e|) and the negative contribution
from the negatively charged zeolitic framework —||E,|| (—4.2
and —4.7 V nm ™' for ZSM-5 and MOR, respectively). From
eqn (6), the slope of the line resulting from the best linear fit of
the points obtained for the different cationic forms of a given
zeolitic framework is directly proportional to g, i.e. to the
average charge of the first-shell oxygen atoms. This means that
the slopes of the lines illustrated in Fig. 8 are an indirect
measure of the basicity of the zeolitic framework (see Section 4).
From the data reported in Fig. 8, the following scale of framework
basicity emerges: Y > MOR ~ ZSM-5 ~ FER ~ f. Fig. 8a also
contains the data collected for Li-ZSM-5 and Li-MOR, where the
local electric field is as high as 8.2 V nm™". It is worth noting the
large values of the local electric field probed by CO, as 1V nm™ " =
10° V. m . The presence of a simple electrostatic interaction was

This journal is © The Royal Society of Chemistry 2015
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observed already in the late 1970s by Hauge et al., who monitored
AD(CO) of carbon monoxide in interactions with different alkali
metal fluoride molecules isolated in cryogenic argon matrices.””*
They found that a positive AZ(CO) roughly increased upon a
decrease in the cationic radius (Ryy), which is a clear evidence that
the M"- - -CO interaction is of purely electrostatic origin.

The simple electrostatic model summarized here®*® has
successively been significantly improved by Ferrari et al. by a
more sophisticated ab initio approach with bare cations*”*> and
fragments that mimic zeolite sites.”’> These two successive
studies confirmed the electrostatic nature of the interaction.
In this regard, the theoretical works of Larin et al.>>**°° are also
worth mentioning together with the subsequent and more
refined works of Nachtigall et al.>”*725!

Other minor spectroscopic features are present in the spectra
shown in Fig. 7. The broad band around 2138 cm ™, which is just
below the vertical black line of the unperturbed CO molecule in
the gas phase (74(CO) = 2143 cm "), is due to liquid-like CO
molecules inside the zeolitic channels,??%?%7267:268 yhereas the
band at lower wavenumbers observed for the Cs, Rb and Na
forms of both ZSM-5 and MOR frameworks is due to minority
M*...OC adducts,?®® which is discussed in details in Section
7.2.3, which refers to variable-temperature IR experiments; in
particular, see Fig. 32 and Table 9. This band is not observed at
77 K with Na-exchanged zeolites and is formed only at higher
temperatures. Moreover, for M- - -OC adducts, the interaction is
of electrostatic origin and is governed by eqn (6); the only
difference with respect to the dominant M'---CO adducts is
that, as the dipole of the CO molecule is inverted, the Stark effect
generated by the local electric field at the cationic site has the
opposite effect and results in weakening of the C-O bond with a
consequent red shift of the 1{CO) mode. Again, the size of the
perturbation (and therefore of the red shift) is proportional to
the local electric field; thus, a linear correlation between AZ(CO)
and (dy_co) 2 is also observed for this family of bands; however,
they have a negative slope; compare the continuous lines with
the dotted segments in Fig. 8.

3.1.2. Transition metal cations: the copper case. Cation-
exchanged zeolites with transition metal cations represent a
large class of materials that play an important role in catalysis.
Vibrational spectroscopies, in particular IR, have been very
informative in determining the coordination and oxidation state of
the extraframework cations. Herein, we have used copper-exchanged
zeolites as a case study to discuss in detail the potential of IR
spectroscopy, whereas other relevant charge-balancing transition
metal cations, such as chromium,®® manganese,>’>%
iron,21’249_251’294_305 cobalt’293,306—313 nickel,293,314
molybdenum, palladium, silver,>3-266:332-339
cadmium,*®* platinum,**'~*** and gold,******" are briefly mentioned.
In the cases of tri- and tetravalent cations (Fe, Co, Zn, and Mo),
IR spectroscopy is critical for discriminating between framework
insertions (isomorphic substitutions at T sites, see Section 3.3)
and extraframework charge-balancing cationic positions. In the
case of noble metals (Pd, Ag, Ir, Pt and Au), IR spectroscopy is of
great help for discriminating between isolated charged counter-
ions and clustered reduced nanoparticles and for following their

ZinC,315_323

324,325 326-331 iridium,340
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Fig. 8 Part (a): Left ordinate axis: #(CO) stretching frequency vs. du_co 2

= (Rw + Rco)™? for alkali-metal-exchanged ZSM-5 (black circles,

corresponding to the spectra shown in Fig. 7a) and mordenite (red squares, corresponding to the spectra shown in Fig. 7b). Full symbols refer to
M*...CO adducts (blue-shifted main IR band); open symbols refer to M*...OC adducts (red-shifted minor IR band). The abscissa axis has been located at
5(CO) = 2143 cm™, corresponding to AH{CO) = 0 cm™ and ||E|| = 0 V nm™2. Right axis: determination of the local electric field strength probed by CO
from A(CO) according to the Stark effect quantified by Pacchioni et al.282 The dotted and dashed curves indicate the best linear fits of the two datasets;
the corresponding intercepts with the ordinate axis (Ry — + oo limit) provides the magnitude of the negative electric field E, generated by the negatively
charged zeolite cavities, see egn (6). The inset illustrates a scheme of the cation site geometry showing the relationships between the geometrical
quantities used in egn (6). Part (b): Similar to part (a) for ferrierite (blue triangles), Y (green stars) and B (pink circles) zeolites. Parts (a) and (b) have been
plotted on different scales; thus, a direct comparison between the slopes of the lines in the two parts is not possible. The inset in part (a) has been adapted
with permission from ref. 230, copyright American Institute of Physics, 1995. The remaining parts are previously unpublished graphical material

summarizing data from ref. 228, 229, 283-287.

evolution along different thermal, reductive, and oxidative treat-
ments. In the quoted studies from the groups of Gates and
Lamberti, IR characterization was often complemented by a
parallel EXAFS and XANES study. The remaining part of this
subsection is devoted to Cu-exchanged zeolites. This choice has
been dictated by the huge experimental and theoretical study
carried out over the last decades on Cu-exchanged zeo-
lites,>2%161,162266,3527365 mainly because of their use as efficient
catalysts for the selective catalytic reduction (SCR) of NO, by
ammonia (NH3-SCR),>***%*7* ag discussed in Section 9.1.3.

In this context, we want to stress that the choice of an
appropriate probe molecule is a crucial point in FTIR spectro-
scopy. Different probe molecules may be able to reveal different
aspects of the investigated surface, and often the combined use of
markedly different probes is the key for reaching a comprehensive
understanding of the surface.”** In this section, we will show
how the combined use of CO, N,, and NO probes to characterize
Cu-exchanged zeolites ZSM-5, MOR, B, Y, and SSZ-13 has been
largely informative.'®"*”>~%*® The use of a weakly interacting probe
such as N, allows the perturbation induced by the probe to be
minimized and thus enables better discrimination between similar
adsorption sites. The use of CO allows selectivity towards Cu'" sites,
whereas NO can probe both Cu® and Cu”* sites. Experiments
performed at liquid-nitrogen temperature allow to detect the sur-
face sites, which are characterized by a weak interaction with the
probe not visible in room temperature (RT) experiments. This is

7274 | Chem. Soc. Rev., 2015, 44, 7262-7341

relevant for N,, whereas a low-temperature experimental set-up is
essential for NO, which is reactive at RT and therefore does not act
solely as a probe.*”%?8>386

In the presence of an acceptor of electron pairs, such as a
transition metal cation possessing empty orbitals of suitable
energy (and thus acting as a Lewis acidic center), the C-end lone
pair of CO is transferred to the metal cation, giving rise to a
o-coordination (M™" « CO). In this case as well, the interaction
between CO and the metal cation causes the Ay(CO) stretching
frequency to shift towards a value higher than that of the gas,
similar to the case for the electrostatic interaction discussed in
Section 3.1.1. It is generally accepted that the higher the blue
shift, the stronger is the interaction, according to the Lewis
acidic strength of the metal site.>**°*7>°**%7 Moreover, in the
case of transition metal cations possessing partially filled d
orbitals, significant M”" — CO n-donation can occur from the
orbitals of the d-block metal back to the orbitals of the CO
molecule. The increase in electron density in the antibonding
orbitals of the CO molecule causes the force constant of the
C-O bond to decrease, the C-O bond length to increase and
therefore A(CO) to be red-shifted with respect to that of the gas.
The strength of the bond between CO and d-block metal cations,
as well as the ADco stretching frequency, is not expected in such
a case to be simply correlated. In fact, as far as the strength of the
carbonyl bond increases, as a consequence of the synergistic
effect of the o-(M"" «+ CO) and n-(M"" — CO) components, the

This journal is © The Royal Society of Chemistry 2015
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resulting Az(CO) is located at a spectral position that is a compro-
mise between blue and red shifting interactions, 2> 266337,388-392

Cu-exchanged zeolites are usually prepared via liquid-phase
exchange from cupric salts, resulting in the introduction of
divalent cations into the framework.>>* Since the late 1980s
they have been widely investigated because of their catalytic
activity in the direct decomposition of NO.****%**%° ypon
thermal activation, cupric ions are reduced to cuprous species,
resulting in Cu“-zeolites,?¢%383384,386,401-403

CO probe has been used to confirm the high coordinative
unsaturation of Cu" cations hosted in zeolites. Indeed, depending on
CO equilibrium pressure (P.o) and temperature, carbonyl complexes
of high structural and spectroscopic quality have been formed at Cu*
sites. At room temperature, relatively stable adducts such as
monocarbonyl [Cu(CO)]" and dicarbonyl [Cu(CO),]" complexes
are observed?®6:373:376,378-386,388,404-406 (06 Fig, 92 and b), which
evolve into tricarbonyl [Cu(CO);]" species when the system is
cooled to liquid-nitrogen temperature,>°6:376:3787386:404,405 gee
Fig. 9¢. The occurrence of a Cu'---(CO)— Cu'---(CO), transfor-
mation has been proved using Cu K-edge EXAFS spectroscopy,*’’
and two-dimensional correlation spectroscopy (2D-COS).>*® The
latter is a mathematical method for analyzing a series of spectra
collected on a system subjected to a perturbation (such as a
gradient in pressure or temperature). It is used to assess statistical
relationships between different spectroscopic features that change
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during a dynamic variation for extracting valuable information,
which can otherwise be difficult to obtain.****"

IR spectroscopy of CO dosed at increasing Pc onto Cu'-zeolites
is reported in Fig. 9a—c for B, SSZ-13, Y, ZSM-5, and mordenite
hosting frameworks. At a low P, (Fig. 9a), a single band is
observed for the monocarbonyl complex in ZSM-5, B, SSZ-13 and
mordenite zeolites. Conversely, in Y zeolite, two different Cu*- - -CO
adducts are observed characterized by 7(CO) = 2160 and 2144
em !, which are formed at two different cationic sites, labeled as II
and II*, respectively (see Fig. 9¢).®* This IR evidence is supported
by the Rietveld refinement of X-ray Powder Diffraction (XRPD) data
collected at the European Synchrotron Radiation Facility (ESRF),
where two different cationic sites were determined in the superc-
age.*® By increasing Pco (Fig. 9b), the formation of Cu™---(CO),
adducts is observed for all the samples, as proved by the splitting of
the monocarbonyl band into two bands due to the 1/,4m(CO), and
Vgm(CO), modes of the complex.'®7&379384404407 The fact that
both bands are IR-active indicates that the intrazeolitic Cu'- - -(CO),
adducts have C,, symmetry (or lower), whereas their homogeneous
counterparts are linear (D, ;).*'® A further increase in Poo (Fig. 9¢)
for ZSM-5, B and Y zeolites causes a nearly total Cu'- - -(CO), —
Cu'.--(CO); transformation, as indicated by the appearance
of a new triplet of IR-active bands. This triplet is indicative
of a symmetry lower than Cj,, unlike the homogeneous counter-
parts, which form planar adducts of Dj, symmetry.*"®
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Fig. 9

IR spectra of CO dosed at liquid-nitrogen temperature onto Cu*-p (orange curves), H*-Cu*-55Z-13 (green curves), Cu*-Y (blue curves) Cu*-ZSM-5

(red curves), and Cu*-MOR (black curves) zeolites. Parts (a), (b) and (c) show low, medium and high Pco spectra, respectively, approximately corresponding
to mono-, di- and tri-carbonyl complexes. Part (d): schematic representation of a fraction of the ZSM-5 framework with two equivalent Cu™ sites forming a
di-carbonyl complex (top, corresponding to the situation indicated by the red spectrum in part b) and evolution of the C-O stretching frequencies along the
Cu*.-(CO) —» Cu™---(CO), — Cu™---(CO)s pathway driven by an increase in Pco. Part (e): Schematic representation of a fraction of the Y zeolite framework
with three inequivalent Cu™ sites (I*, II* and I, left) as determined by XRPD,*®* the Pco-induced II* — I migration (center), and the evolution of the C-O

stretching frequencies along the Cu*---(CO) — Cu®--.(CO), - Cu*---(CO)z

pathway driven by an increase in Pco. Site I* is not accessible by CO. See

Table 3 for the exact frequencies of mono-, di- and tricarbonyl components formed inside Y and other zeolites. Previously unpublished figure reporting
spectra published in ref. 161, 378, 379 and 384 (parts a—c) and adapting schemes published in ref. 29 and 407 (part d) and ref. 29 and 384 (part e).
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In Cu'-SSZ-13, a significant fraction of Cu'- - |(CO), complexes is
still present."®

As far as mordenite is concerned, the presence of cations in
the less accessible side pocket sites implies the simultaneous
presence of mono-, di- and tri-carbonyl adducts even at a higher
Pco,””® resulting in a broader and rather unresolved IR spectrum
(black curve in Fig. 9c). For Y zeolite, it is worth noting that, in
spite of the presence of two cationic sites in the supercage, the IR
spectrum obtained at high Pco indicates the presence of only
one family of Cu'- - -(CO); adducts. This relevant fact is explained
in terms of the high solvation power of CO molecules, which
are able to extract Cu cations from the more shielded position
(site IT¥) to more exposed cationic positions (site II), as proved by
both EXAFS and XRPD,*®* as shown Fig. 9e. The set of spectra
collected for Cu'-Y represents a clear example of adsorption-
induced effects on cation displacement. A similar solvation
effect promoted by the adsorption of CO has been observed for
Cu™-ZSM-5,°%%7 Ni*"/§i0,,"****° and Cr*'/$i0,.**' The experi-
ments reported in Fig. 9a-c indicate that ZSM-5 and B zeolites
are more suitable for the formation of well-defined Cu*- - -(CO),
(n=1, 2, 3) complexes than Y or MOR zeolite, and are indicative
of how IR spectroscopy of adsorbed probe molecules is able to
discriminate different surface sites. In the case of H'-Cu'-SSZ-13
(green curves in Fig. 9¢),"®" the situation is more complex because
at high Pco, ZOH- - -CO adducts are also observed at both Brgnsted
sites (2173 cm ') and external silanols (2160 cm "), together with
the liquid-like component (2138 cm™ !),>20:>%7,267,268

The exact frequencies of mono-, di- and tri-carbonyl compo-
nents reported to be formed inside Cu-exchanged zeolites, as
shown in Fig. 9a and discussed above, and inside other zeolites
are given in Table 3.

N, molecule interacting with cuprous ions inside zeolites
leads to a »(NN) band in the 2300-2290 cm " region,*””*78428
which is significantly downshifted with respect to the (Raman
active) gas-phase value of 2321 cm ™. This bathochromic shift
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could be explained in terms of chemical interactions involving
molecular orbitals (MO) of the probe molecule and a suitable
d-orbital of the metal cation.>® For dinitrogen, the corresponding
MOs are 36, which act as electron donors, while the empty 17,
acts as an electron acceptor. Both o-donor and m-acceptor
interactions weaken the N=N bond, thus explaining the
observed bathochromic shift in the Cu'---N, adducts.>® The
interaction of N, with Cu** and H" is considerably weaker.

The IR spectra of N, adsorbed on vacuum-activated Cu-SSZ-
13 are illustrated in Fig. 10a. A predominant band centered at
2293 cm™ " is observed starting from low coverages. This component
increases in intensity upon increasing coverage without shifting,
while a second component centered around 2300 cm ™" is progres-
sively developed. Both components are assigned to Cu'- - -N, stable
complexes.'®773784%8 The presence of two components in the
spectrum of Cu-SSZ-13 implies the presence of two significantly
different (in terms of the local environment of the cation) Cu" sites,
which supports the conclusions proposed by Dedecek et al**® and
Szanyi et al.****3° As expected, the Cu” sites that are involved behave
as isolated adsorption sites for N,, because of the invariance in the
corresponding IR band upon changes in pressure.*

A single and symmetric band centered at 2296 cm™' is
observed for vacuum-activated Cu-ZSM-5 (Fig. 10b). Moreover,
in this case, the frequency of the band is coverage-independent.
This frequency is almost equivalent to that found for Cu'-ZSM-5
prepared by gas-phase exchange with CuCl,*”® as shown in
Table 4. This implies that, if present, different Cu’ cationic sites
in ZSM-5 are characterized by very similar local environments
that cannot be discriminated by N, adsorption. The spectra of
N, adsorbed on Cu-f (Fig. 10c) are dominated by a coverage-
independent component at 2293 cm™'. A second component,
which is less intense and resolved than in the case of Cu-SSZ-
13, develops at higher coverages around 2300 cm ™.

The fact that the bathochromic shift in the main component
is larger for Cu-SSZ-13 and Cu-f than for Cu-ZSM-5 implies that

Table 3 C-0O and v,4(CO),, (m = 1, 2, 3) stretching frequencies of carbonyl adducts on Cu™-zeolites and supported Cu,O. When needed, label “a” (a = |,
m, h) refers to low, medium and high frequency components of the adduct. For Cu,O/SiO, and bulk Cu,O samples, an interval of frequencies is reported
for 1(CO), 1(CO), and 11,(CO), because the position of the frequency of the band was pressure-dependent.*?? sh = shoulder; N.F. = not formed; N.D. =
not detected (because experiments were performed at RT). New table, updating tables previously published in ref. 161 and 423 and reporting data

published in the references quoted in the last column

Sample #(CO) (em™* 7(CO), (em™)  #,(CO), (em™)  #(CO); (em™* 7m(CO)s (em™)  7,(CO); (em™)  Ref.
H-Cu-SSZ-13° 2155 2150 2178 2134 (sh) 2169 (sh) 2194 161
Cu-ZSM-5° 2158 2150 2178 2134 (sh) 2166 (sh) 2192 161
Cu-p* 2158, 2153 2152 2180 2134 (sh) 2168 (sh) 2193 161
Cu-ZSM-5° 2157 2151 2178 2138 2167 2192 378
Cu-Bb 2157 2152 2180 2146 2167 2193 424
Cu-SSz-13 2154 2151 2178 N.D. N.D. N.D. 425
Cu-MOR? 2159 2152 2180 2146 2167 2193 379
Cu-FER? 2157 2149 2178 2135 (sh) 2170 2191 426
Cu-Y? Site II 2159 2148 2178 2138 2165 2188 384
Site 11* 2143 2135 2168
Na-Cu-ETS-10(B) ~2155 =~2150 =~2180 =~2135 2162 2191 423
Cu’-MCM-41 2159 2152 2180 2138 2171 2194 427
Cu,0/Si0, 2132-2127 2127-2120 2162-2154 N.F. N.F. N.F. 422
Cu,O unsupported 2127-2121 2121-2113 2158-2145 N.F. N.F. N.F. 422

“ Cu-zeolites prepared via standard liquid-phase cation exchange with cupric salts and subjected to reduction by thermal activation in vacuo.
b Cu-zeolites prepared via stoichiometric gas-phase exchange with CuCl, resulting in the atomic ratio of Cu/Al = 1.
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Fig. 10 Part (a): IR spectra of N, dosed at liquid-nitrogen temperature (~ 100 K) onto vacuum-activated H-Cu-SSZ-13 zeolite. The bold black spectrum
is the background collected before N, dosage, whereas orange spectra present increasing equilibrium pressures of N, from 1072 to 5 Torr (bold red
curve). The main part refers to the v(N=N) stretching region of Cu*---N, adducts, whereas the inset shows the region related to adducts formed at
Bronsted sites (ZOH™---N,) and extraframework species (A**- - -Ny). Part (b): Similar to part (a) for Cu-ZSM-5 zeolite. Part (c): Similar to part (a) for Cu-p

zeolite. Part (d): IR spectra of NO dosed at liquid-nitrogen temperature (~100
(from 7 x 1072 to 7 x 10~ Torr, bold red curve). The spectra in the main part

K) on vacuum-activated H-Cu-SSZ-13 zeolite at increasing equilibrium pressures
show the evolution of Cu*---NO — Cu*---(NO),; the inset shows low-coverage

spectra corresponding to Cu*---NO complexes. Part (e): Similar to part (d) for Cu-ZSM-5 zeolite. Part (f): Similar to part (d) for Cu-p zeolite. Part (g) similar to part
(a) for O,-activated zeolites showing Cu?*---NO and residual Cu*---(NO), adducts. The inset in Part (g) shows the corresponding bands in the {OH) region,
confirming the decrease in the 3650 cm™ band (see *) upon the formation of NO adducts with dehydrated [Cu—OHI* species. Part (h): Similar to part (g) for
Cu-ZSM-5 zeolite. Part (i): Similar to Part (g) for Cu-f zeolite. Previously unpublished figure adapting spectra published in ref. 161.

the dominant Cu" sites in SSZ-13 and B are able to perform
more efficient o-donation and/or m-back-donation processes
with the MO of the N, molecule. This could be associated with
a larger space in the vicinity of the cation or a more effective
ionicity of the cation in the cases of Cu-SSZ-13 and Cu-B."*"

In both Cu-SSZ-13 and Cu-$ samples, the less abundant Cu®
sites, which are responsible for the shoulder around 2300 cm?,
interact with N, in a similar way to the Cu" cations hosted in the
MOR framework,**® as shown in Table 4. The absence of any
peak around 2283 cm ™" confirms that no undesired additional
Cu,O phase*® is present in the three samples.

We will conclude this section by discussing the interaction
of NO with both Cu” and Cu** sites in zeolites. The main
difference between CO and NO is that the additional electron
in NO occupies the n*-orbital. This causes greater sensitivity for
NO to the electronic state of the cation during the formation of
M- - -NO bond than for CO, because even slight alterations in
electron density in this orbital noticeably change the frequency

This journal is © The Royal Society of Chemistry 2015

of the NO stretching vibration, 7(NO). NO is currently used to
determine the oxidation state of copper cations in zeolites, due
to its ability to form stable nitrosyl adducts with both Cu®" and
Cu+ cations‘29,16l,375,376,378,385,386,431

At room temperature, the coordination of NO to Cu’ sites
and formation of nitrosyls are combined with a decomposition
reaction, with the initial formation of N,O and Cu**(NO)(NO,)
adducts.?”¢*7838% For this reason, to suppress NO decomposi-
tion, NO must be dosed at liquid-nitrogen temperature to be
used as a probe molecule on copper sites.

Fig. 10 illustrates NO adsorption experiments on vacuum-
(parts d-f) and O,-activated (parts g-i) samples. Starting from
low coverages of NO, vacuum-activated Cu-SSZ-13 (Fig. 10d)
exhibits a band centered at 1810 cm™ " due to the interaction
between NO and isolated Cu', leading to the formation of
Cu'---NO mononitrosyl complexes,>®"¢1:376:378:38%,386 The firgt
dosages of NO on the sample are illustrated in the inset of this
figure, which clearly show a symmetric and well-defined band.
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Table 4 #(NN) stretching frequencies of dinitrogen adducts formed at
Cu* sites in Cu-exchanged zeolites and zeotypes and on supported Cu,O.
sh = shoulder. New table, updating tables previously published in ref. 161
and 423 and reporting data published in the references quoted in the last
column

Sample #(NN) (em™) Ref.
Cu-SSZ-13° 2293, 2300 (sh) 161
Cu-ZSM-5° 2296 161
Cu-p* 2293, 2300 (sh) 161
Na-Cu-ETS-10° 2281 423
Na-Cu-ETS-10%° 2285 423
Cu-MOR* 2299 428
Cu-ZSM-5° 2295 378
Cu,0/Si0, 2283 423

¢ Cu-zeolites prepared via standard liquid-phase cation exchange with
cupric salts and subjected to reduction by thermal activation in vacuo.
b Cu-zeolites prepared via stoichiometric gas-phase exchange with
CuCl, resulting in the atomic ratio of Cu/Al = 1. ° Sample obtained
after a second ion-exchange process.***

By increasing the coverage of NO, the 1810 cm™ ' band evolves
into two main components at 1826 cm~ ' (with a shoulder at
1833 em™ ") and 1728 ecm ™" (with a shoulder at 1742 cm™"),
which are ascribed as symmetric and asymmetric stretching of
Cu’(NO), dinitrosyl complexes, respectively,>'¢1376,378,385,386
A single NO molecule is able to form similar Cu*- - -NO adducts
at two slightly different Cu’ sites (already detected by adsorp-
tion of N,, see Fig. 10a); however, when a second NO molecule
is inserted, the Cu'- - -(NO), complexes are able to probe a larger
space around the Cu' sites, and therefore they can better
discriminate among them. The absence of any significant band
in the 1950-1870 cm™ ' range, where Cu®"- - -(NO) complexes are
expected, implies that nearly all cupric ions in accessible
positions have been reduced to cuprous ions during thermal
activation. This is in line with what has already been observed for
other Cu**-exchanged zeolitic systems.***"%¢ Vacuum-activated
Cu-ZSM-5 (Fig. 10e) and Cu-f (Fig. 10f) exhibit approximately the
same trend as Cu-SSZ-13, and the corresponding frequencies of
mono- and di-nitrosyl complexes are reported in Table 5. In
Cu-ZSM-5, the shape of the mononitrosyl band at 1813 cm™* has
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a significant tail on the low-frequency side, which suggests some
site heterogeneity, whereas for Cu-f, two components are
observed at 1802 em™" and 1815 cm™" (shoulder). In both the
cases, we observe total conversion of mononitrosyl into dinitrosyl
complexes upon an increase in Pyo. The exact frequencies of the
observed nitrosyl complexes are reported in Table 5, together with
literature data reported for comparison.

Despite the presence of oxygen during thermal treatment, a
non-negligible amount of Cu” was detected on the O,-activated
samples (Fig. 10 parts g-i). Both the shape and position of the
bands for Cu'---(NO), (n = 1, 2) complexes with O,-activated
samples are approximately equal to those observed with
vacuum-activated samples, which implies that the location
and distribution of Cu" are not affected by the presence of
oxygen during thermal treatment. Finally, the complexity of the
absorption features of Cu®>"(NO) adducts (which is particularly
relevant for Cu-SSZ-13) clearly suggests the presence of different
Cu®*" cationic sites, see Table 6, where the stretching frequencies
of mono- and di-nitrosyl adducts formed on cupric cations
inside Cu-SSZ-13 and other zeolites is summarized.

This section was devoted to the use of probe molecules
to characterize Cu sites in Cu-exchanged zeolites by IR. As
detailed hereafter in Sections 9.1.2, 9.1.3 and 9.3.1, IR
also played a relevant role in determining the reactivity of
Cu-ZeOliteS.]62’363’364’378’385’386'435’436

3.1.3. Post-transition metal and lanthanide cations. Besides
the standard cation-exchange procedure, which directly introduces
post-transition metal cations into extraframework cationic
positions inside zeolite pores, several post-transition metals
have been successfully introduced into the zeolitic framework
via isomorphic substitution at tetrahedral Si sites, as discussed
in Section 3.3. Similar to the case of iron,>*249-2°1,294-305
thermal treatment can lead to the migration of a fraction
of post-transition metal ions from framework into extraframe-
work positions, similar to those occupied via conventional
cation exchange. For both gallium®*’~*** and indium,*****° IR
spectroscopy has been the technique of choice to discriminate
the framework M(m) species, which lead to Brensted acidity,

severe

Table 5 »(N-O) stretching frequencies of mono- and di-nitrosyl adducts at Cu™ sites in zeolites and supported Cu,O. N.O. = not observed. Table
reproduced with permission from ref. 161, copyright Royal Society of Chemistry

Sample (site) #(NO) (em™) Tgym(NO), (cm ™) Dasym(NO), (cm ™) Ref.
Cu-SSZ-13 (A) 1809 1826 1728 161
Cu-SSZ-13 (B) 1809 1833 (sh) 1742 (sh) 161
Cu-SSZ-13° 1810, 1785 (sh) N.O. N.O. 425
Cu-ZSM-5 1813 1730 1825 161
Cu-ZSM-5° 1812 1734 1827 378
Cu-p 1802, 1815 (sh) 1828 1734, 1743 (sh) 161
Cu-p® 1810 N.O. N.O. 432
Cu-Bb 1811 1730 1826 424
Cu-MOR? (main channel) 1813 1730 1828 23

Cu-MOR? (side pocket) 1813 1785 1870 23

Cu-Y? (1) 1814 1728 1824 384
Cu-Y? site (I1¥) 1788 N.O. N.O. 384
Cu,0/Si0, 1775 1709 1811 423

“ Experiment performed at room temperature, thus under conditions of NO decomposition. ” Cu-zeolites prepared via stoichiometric gas-phase

exchange with CuCl, resulting in an atomic ratio of Cu/Al = 1.
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Table 6 1(N-O) stretching frequencies of mononitrosyl adducts at Cu®*

sites in zeolites and supported CuO. w = weak; m = medium; s = strong;

and sh = shoulder. Table reproduced with permission from ref. 161,
copyright Royal Society of Chemistry

Sample (site) #(NO) (em™) Ref.
Cu-SSZ-13 1950%, 1921™, 1909™, 1904™, 1890° 161
Cu-SSZ-13“ (1) 1920-1880 425
Cu-S57-13“ (11) 1948, 1930 425
Cu-ZSM-5 1912, 1905, 1895 (sh) 161
Cu-ZSM-5° 1921, 1912, 1906, 1895 433
Cu-ZSM-5” 1890 378
Cu-p 1912, 1903, 1895 (sh) 161
Cu-p* 1896 432
Cu-MOR* 1960, 1938, 1921, 1909, 1895 433
Cu-Y? (1) 1955 384
Cu-Y? (1) 1923 384
CuO 1865, 1855 434

¢ Experiment performed at room temperature, thus under conditions of
NO decomposition. ? Cu-zeolites prepared via stoichiometric gas-phase
exchange with CuCl, resulting in an atomic ratio of Cu/Al = 1.

and extraframework M(m) species, which lead to Lewis acidity,

and to monitor their relative evolution during different activation/
reaction treatments. IR spectroscopy is also informative in the
characterization of cation exchange with lead(n)*®® and post-
synthetic modification with tin precursors.**®*4”

We finish this brief summary of the periodic table of the
elements by considering lanthanide cations. Their insertion as
charge-balancing cations inside zeolitic frameworks, besides
some catalytic applications,**®**>* results in remarkable lumi-
nescence properties.***™*¢* In addition, the local environment,
accessibility and reactivity of lanthanide charge-balancing
cations have been widely investigated by vibrational spectroscopies.
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Without entering into details, we report some relevant bibliography
for the different cations as follows: lanthanum,*48-453:465-472
cerium,449,454,472—477 449,472
dymium, samarium,
europium, gadolinium,**%:167-468,481,484
bium,**®481:483485 qysprosium,*®”**® holmium,
and ytterbium.*®>*7%4%7

3.1.4. Correlation among different probes and different
cationic sites. As thoroughly discussed in Section 3.1.2, the
use of different probes, such as CO (Fig. 9), N, (Fig. 10a—c) and
NO (Fig. 10d-i), provides a fundamental understanding of the
nature and coordination of adsorbing sites.

We start this comparison by considering H, and CO probes. For
electrostatic-type interactions, when a comparison is made with
spectroscopic data concerning adsorption at the same sites, it is
found that the shifts in the AZ(CO) and A7(HH) frequencies are
linearly correlated and that the bathochromic shift in the :{HH)

mode is basically twice the hypsochromic shift in #(CQ):**%*

praseodymium, neo-
449,465,467,468,470,472,478 449,467,468,472,475,476,479
449,458,472,480-484 ter-

476 erbium,486

AP(HH) ~ —2Ai#(CO) )

The validity of the empirical relationship (7) can be appreciated
from the data shown in Fig. 11a. The larger sensitivity of
AD(HH) as compared to AZ(CO) is mainly due to the fact that
a single H-H bond is more affected than a triple C=0 bond by
local effects (such as structure and the number of ligands in the
coordination sphere) which possibly influences the physico-
chemical properties of the adsorbing centers.'®*° The data
illustrated in Fig. 11a clearly show that this relationship has
been verified for a number of systems, including SiO,, acidic
and exchanged zeolites, and oxides. The gray shaded region
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Fig. 11 General comparison between different probes used to characterize the same sites. Part (a): Plot of the shifts —A#(HH) for H, adsorbed on the
Lewis or Brensted acid sites of zeolitic and oxide materials vs. the corresponding shifts observed for CO: A(CO). Circled data are obtained from a study
by Zecchina et al.'® Triangles refer to the Cr2*/SiO, system (Phillips catalyst).*®® Data concerning Fe-Sil Lewis acid sites are represented by filled squares
(AD(HH), values are obtained from a study by Berlier et al.;*** AZ(CO) values are obtained from a study by Berlier et al.;>*°) A and A’ refer to Fe** centres,
whereas B and B’ refer to Fe?" centres; those concerning Brensted sites are represented by filled circles. The gray dashed region corresponds to nearly
pure electrostatic interactions between H; (or CO) and the adsorbing site. Adapted with permission from ref. 249, copyright Elsevier 2006. Part (b): #(CO)
vs. 7 (NO) for monomeric CO and NO complexes formed on Li*-, Na*-, and K*-ferrierite (red squares); Na*- and K*-ETS-10 (orange squares); TiOy, ZrO»,
NaCl and MgO (blue circles) and a-Fe,Oz, NiO, Cu*-ZSM-5, AgT-ZSM-5, CPO-27-Ni, Cu,O/SiO,, CuCl/y-AlLOs, Cr¥*/SiO, and Fe?*-ZSM-5 (green
triangles). In the cases of Cr2*/SiO,, Fe?*-ZSM-5 and CuCl/y-Al,Os, where only dinitrosyl adducts were observed, the frequency of the barycenter has
been reported. For systems undergoing a coverage-dependent shift, the frequency at the 0 — 0 limit has been reported. Data concerning MgO and NaCl
are inferred from the published data by assuming that the #(NO) frequencies of the monomers coincide with the highest-frequency mode of the
adsorbed dimers. Part (c): correlation between #(NN) and #(CO) observed in alkali-metal-exchanged MOR; previously unpublished graphic, reporting
data from ref. 204 and 229. Adapted and used with permission from ref. 29, copyright Royal Society of Chemistry, 2010.
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corresponds to interaction mechanisms between H, (or CO)
and the adsorbing sites that are dominated by electrostatic forces.
On the contrary, it is worth noting the large deviation of the points
corresponding to Cr** species grafted on silica,’®® a system where
covalent contributions play a certain role in both Cr**---CO and
Cr*"...H, interactions.**

A comparison between CO and NO probes used on the same
sites is shown in Fig. 11b. Investigated systems are as follows:
Li*-, Na™- and K'-FER,**® Na'- and K'-ETS-10,°®* Cu'-ZSM-5,%"538>
cu™-y,*®* cu'-p,'*" Cu™-85z-13,'°" Ag*-ZSM-5,%***3> and Fe*'-
ZSM-5,>*° and, for comparison, TiO,,**! Zr0,,*** Mg0,*® Ni0O,**>
a-Fe,03,%! Cu,0/8i0,,*** NaCl,*** CuCl/y-Al,0;,**' Cr*'/si0,,*5®
and CPO-27-Nj.****%

A linear dependence has been obtained for 7(CO) vs. 7(NO)
data collected for alkali-metal-exchanged ferrierite (red squares
in Fig. 11b), where the interaction is purely electrostatic and the
anionic environment is exactly the same for the three investigated
cations (see the discussion in Section 3.1.1). The same is true for
Na'- and K'-exchanged ETS-10 (M'---NO and M'---ON linkage
isomers, filled and open orange squares, respectively, in Fig. 11b)
and for the 7(NN) vs. #(CO) relation obtained with Li'"-, Na'-, K'-,
Rb'- and Cs"-exchanged mordenite,”****° as shown in Fig. 11c.

An acceptable linear dependence between 7(CO) and #(NO)
has also been obtained for non-d and d° metal oxides (blue
circles in Fig. 11b); the lower accuracy of the linear fit is due to
the different anionic environments of the investigated samples.
In any case, it is evident that the overall red, orange and blue
sets of data are well correlated, which proves that all these
interactions are mainly dominated by electrostatic interactions
and that the two molecules respond in the same way to the
Stark effect induced by the same cationic sites.

When d-metals are considered (green triangles), any attempt
to rationalize 7(CO) vs. 7(NO) fails, which proves that the extent of
n-back donation is significantly different for CO and NO probes.>
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It is in particular worth noting that, with the sole exceptions of
Cu,0/SiO, and CuCl/y-Al,O3, for all the remaining d-systems that
were investigated, 7(CO) is blue-shifted, which indicates dominant
electrostatic and c-donation interactions, whereas #(NO) is signifi-
cantly red-shifted (only Ag'-ZSM-5 and o-Fe,0; making exceptions),
which reveals the major role played by n-back donation interaction.

3.2. Extraframework AP** species

Extraframework AI** species are usually formed upon thermal
activation of zeolites.***™*°® In some cases, such as ultrastable Y
zeolite (H-USY), a partial dealumination process is carried out
to activate the zeolite under steam conditions,>*®*9°%" a5
discussed in Section 5.1.

The absence of d-electrons implies that the interaction of
extraframework AI** species with probes is mostly electrostatic
and the high charge/radius ratio implies that we are dealing
with strong Lewis acid centers. CO molecule probes extraframe-
work AI** species to form AI**.-.CO adducts, which are char-
acterized by a very high #(CO) stretching frequency.’***%
Fig. 12a shows the interaction at liquid-nitrogen temperature
of CO with H-MOR, which exhibits a fraction of extraframework
AI’" species. The weak band at 2225 cm ™" is due to AI**---CO
adducts; the main band at 2173 cm™* is due to the interaction
with Brensted sites (ZOH"- - -CO adducts),**® whereas the band
developed at 2138 cm ™" at high Pcc only is due to liquid-like
CO formed inside the zeolite channels.?*®?*”?°72%% The high
polarizing power of extraframework aluminum makes AI’**--.CO
adducts stable at 77 K upon prolonged outgassing to pressures
as low as 1.0 x 10> Torr.

Being IR-inactive in its unperturbed form, a N, probe is
more suitable than CO to detect a small fraction of highly
polarizing Lewis acid centers like extraframework AI**.*** This
fact is clearly visible in Fig. 12b, which shows the IR spectra of
the same H-MOR sample probed by N,. The relative intensity of
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Fig. 12 Part (a): IR spectra of CO adsorbed at 77 K and increasing equilibrium pressures of CO (from 1.0 x 1072 to 20 Torr) on H-MOR previously
activated in vacuo at 673 K. Part (b): IR spectra of N, adsorbed at 77 K and increasing equilibrium pressures of N, (from 1.0 x 1072 to 50 Torr) on H-MOR
previously activated in vacuo at 673 K. Part (c): Similar to part (b) for H-MOR previously activated in vacuo at 973 K. All the spectra were background-
subtracted using a spectrum collected before dosage of the probe as the background. The inset shows that for different alkali-metal-exchanged
mordenites, the relative integrated area of the (NN) band versus the local electric field intensity ||E|| is generated at the cationic site and measured using
a CO probe, as discussed in Section 3.1.1 and eqgn (6). Part (a) has been adapted with permission from ref. 229, copyright American Chemical Society 1995;
Parts (b) and (c) have been adapted with permission from ref. 204, copyright American Chemical Society 1995.
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AI’"...N, adducts around 2350 cm ™", with respect to that of the
more abundant ZOH'---CO adducts (band at 2334 cm™ '), is
considerably higher than in the case of the CO probe, as shown
in Fig. 12a. In fact, the molar absorption coefficient &(Pny)
increases with increase in the local electric field strength,
which is generated at the adsorption site, according to the
empirical data reported in the inset of Fig. 12c. Moreover, a N,
probe is able to distinguish between two families of extraframe-
work AI** species (band at 2349 cm™"' and shoulder around
2357 cm™ '), whereas an almost uniform and featureless band
was observed using CO as a probe (Fig. 12a).

With an increase in activation temperature from 673 to
973 K, the fraction of extraframework AI** species increases to
the detriment of Brgnsted sites, as observed by comparing parts
(b) and (c) of Fig. 12. Again, because of its higher ¢(Uny), the
band due to AI*"-.-N, adducts increases much more than the
band due to ZOH"- - -N, adducts decreases.

The insets of Fig. 10a-c show the y(NN) region of strong
Lewis acid sites for vacuum-activated Cu-SSZ-13, Cu-ZSM-5 and
Cu-B zeolites, respectively.'®! Again, in these examples, N, was
more efficient than CO for the detection of a very small fraction
of extraframework AI** species due to a dramatic increase in the
absorption coefficient of the 1(NN) mode when the molecule was
adsorbed on an highly polarizing Lewis acid center, which was
able to produce a stronger induced dipole in the molecule."®!

Finally, pyridine (Py) has also been widely used to probe the
progressive migration of AI’" species from framework into
extraframework positions during progressive dealumination
processes.*?*4975947511 [ndeed, its ability to detect both Bronsted
and Lewis acidic centers enables the increase of AI’*-..Py
adducts around 2350 cm ™! to be followed, to the detriment of
ZOH'- - -Py or ZO---PyH" complexes (see Section 2.2).

3.3. Heteroatoms substituted in framework T positions

Microporous crystalline silica frameworks may incorporate hetero-
atoms, of which aluminum is the most common, leading to zeolites
as extensively discussed in this review. Other examples of isomorphic
substitution of framework silicon atoms are iron, titanium, gallium,
germanium, boron, vanadium and tin,>"!%%163247:447,512-331

Framework trivalent heteroatoms (Al, Fe, Ga, In, and B) are
responsible for Brensted activity (see Section 2) of different
strengths,'>¢437:441:332:533 1y the synthesized materials, heteroa-
toms occupy tetrahedral T sites, substituting silicon; however,
depending on the heteroatom valence state and on the
presence/absence of charge-balancing cations and their nature
(template cation, alkali metal cation, NH,", and H" Bronsted
site), the local environment of a heteroatom at a framework
position will exhibit different symmetries such as T4 and
distorted T4, as shown in Fig. 13. Moreover, depending on the
nature of the heteroatom and the zeolite framework structure,
heteroatoms have different stability and a simple template burning
process or more severe post-synthetic treatments may cause the
migration of a fraction of heteroatoms from framework into extra-
framework positions. IR spectroscopy of adsorbed probes has been a
powerful technique for discriminating between framework and
eXtraframeWork Species'140,249,250,298,3()3,438,442,443,445
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Fig. 13 Possible local environments of heteroatoms hosted in zeolitic
frameworks. Part (a): M®* heteroatoms induce a negative charge in the
framework and experience a Tq4-like environment when the framework
charge is balanced by a NH4* ion, a template molecule or an alkali metal
cation (left part). When the charge is balanced by a proton (Brensted site),
the symmetry is distorted (right part). Part (b): M** heteroatoms do not
induce any charge in the framework; they do not imply the presence of a
charge-balancing cation or Brgnsted site, and in vacuum-activated mate-
rials they experience a T4-like environment. Upon interaction with ligands
(L = H,O or NH3), M modifies its local environment by coordinating one
ligand molecule in its first coordination sphere. Adapted with permission
from ref. 257, copyright Elsevier 2014.

Depending on the activation and reaction conditions and
local structure, the accessibility, reactivity and nuclearity of
heteroatoms may significantly deviate from the initially synthesized
ones. Because the location of heteroatoms in zeolitic frameworks
defines their unique catalytic behavior, it is very important to shed
light on this matter. Among the most useful characterization
techniques applied for reaching this goal, we mention X-ray
absorption spectroscopies (both XANES and EXAFS)*” and vibra-
tional spectroscopies (mainly IR and Raman).>* In Section 3.3.1, we
will discuss how insertion in an MFI framework of Ti, Fe, B, or Al,
as well as Si vacancies, affects the vibrational modes of the zeolite
skeleton, whereas Section 3.3.2 will show how resonant Raman
spectroscopy is able to shed light on the Ti-peroxo complex formed
in TS-1 upon contact with H,O/H,0, solution, which is the active
site for several selective oxidation reactions that are relevant for fine
chemistry.”*”>**

3.3.1. Modification of the framework modes. Zeolites and
Al-free silicalites are characterized by strong framework modes
that are associated with Si-O or more generally T-O (T = Si or
Al) stretching modes.*®***°347537 The fundamental framework
modes fall in the 1300-750 cm ™' region. These modes can be
described both by using as a building unit the [SiO,] tetra-
hedron that is interconnected with other units through the
corner oxygen atoms or, in a simpler way, by considering that
the smallest building block is represented by a [Si-O-Si] group
(with a Si-O-Si angle of 140°-160°). The vibrational modes of
the framework can be derived from the vibrational features of
these species.”® The stretching modes of the [SiO,] unit are
asymmetric 1[SiOy]asym modes (triply degenerate in perfect Ty
symmetry), observed in the 1300-1000 cm ™' range, and totally
symmetric 1{SiO,]ym, observed in the 850-750 cm ™' range. The
first is strongly IR-active and the second is weakly IR-active, whereas
in Raman, the opposite is observed, as shown in Fig. 14a, bottom
curves. The spectral region in the 1000-850 cm ™ window is known
as the relative-transparency window of zeolites, where it is possible
to measure the perturbation induced in [SiO4] by (i) isomorphic
insertion of heteroatoms;*>*>46:136:245:246,532,536°345 (i{ gtrong inter-
actions of extraframework cations with the framework;8!40443¢
and (iii) Si vacancies that generate internal silanol nests.'®®'%>%
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Fig. 14 Part (a): Diffuse reflectance IR spectra, in the framework skeleton
stretching region, of pure and substituted silicalite-1 (diluted in KBr)
activated at room temperature. From bottom to top: defect-free
silicalite-1; defective silicalite-1 (with a high concentration of Si vacancies);
H-ZSM-5 (Al-silicalite-1); B-silicalite-1; Fe-silicalite-1; and Ti silicalite-1
(TS-1). Part (b): Effect on the vibrational properties of diluted insertion of
Ti in MFI framework; comparison between experimental (dehydrated TS-1,
red curve and defect-free silicalite-1, black curve) and computational
(TiSiysO0oH20 and SiygOooHog clusters) approaches. The inset shows a
cluster extracted from the MFI framework and used in DFT calculations:
Si (yellow), Ti (olive), O (red), and H (gray). Part (a) has been adapted with
permission from ref. 539, copyright Royal Society of Chemistry 1992; Part
(b) has been adapted with permission from ref. 536, copyright American
Chemical Society 2002.

The insertion of heteroatoms affects the vibrational spectra
of zeolites mostly in the region of the framework modes, even if
some changes are also expected in the OH stretching region
due to a change in the acid strength, which is expected when a
Si species has been replaced by another element, such as Fe(ur)
or Ti(wv) sites. Among these vibrations, it is expected that the
presence of heteroatoms in substitutional positions, such as
B(w), Fe(ur) or Ti(wv), causes the appearance of new IR and
Raman bands, which are considered to be diagnostic of the
presence of these guest atoms in the framework and are used to
monitor the abundance of these species, because their intensity
is proportional to the concentration of the heteroatoms. Iso-
morphic insertion of heteroatoms results in the appearance of
a band around 960 cm " for Ti(iv), 1010 cm ™" for Fe(m) and two
components around 1380 and 920-890 cm ™" for B(u), as shown
in Fig. 14a, top curves.’® A broad band, covering almost the
whole transparency window (990-920 cm™ '), is observed for
defective silicalite-1.

In this regard, the computational DFT study performed using
the ONIOM scheme by Damin et al.>**>*” is very informative, as
shown in Fig. 14b. By extracting a cluster with 16 T-centers
(Siz6025H,0) from the MFI framework and optimizing its struc-
ture at the DFT level of theory, the authors were able to
reproduce the spectrum of the fully siliceous silicalite-1 material
and compare the theoretical spectrum (gray curve) with the
experimental spectrum (black curve). By substituting the central
Si atom in the cluster by Ti, Damin et al>****” obtained
the TiSi;s0,,H,o cluster (see inset in Fig. 14b), of which the
vibrational spectrum (orange curve) is able to reproduce the
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Ti-specific band at 960 cm ™" observed for Ti-silicalite-1 (TS-1, red
spectrum in Fig. 1 4b)'22,46,245,246,536—539,544,545

In the case of Raman spectroscopy, a further method of
detecting the presence of even a very small amount of hetero-
atoms in the zeolitic lattice comes via the possibility of exploiting
resonance effects.*>*® Fig. 15b shows a series of Raman spectra
collected for the same TS-1 material with different excitation
lines. For the sake of comparison, part (a) of the figure shows the
UV-Vis DRS spectrum of dehydrated TS-1. The band at 208 nm
(48000 cm ™) is due to ligand-to-metal charge transfer (LMCT),
which occurs from the four nearly equivalent oxygen atoms to
the Ti(wv) centre in the quasi-tetrahedral [TiO,] unit that leads to
the symmetrical expansion of the tetrahedral unit."® In the same
figure, the four laser lines are indicated by arrows. It is evident
that by progressively increasing the energy of the exciting source
we enter into the Ti-specific LMCT band and therefore we expect
to observe a strong enhancement of the Ti-specific vibrational
modes that fulfil the resonance Raman selection rules. In
particular, we expect resonance when Raman spectroscopy is
performed using a wavelength that is close to an electronic
absorption of the sample most likely to be associated with an
LMCT transition. This condition guarantees a high transfer of
energy to the sample. If the electronic absorption is due to a
localized centre, such as a transition from a ligand to a metal
atom, the excitation is also partially localized, and the vibrational
features in the immediate vicinity of the absorbing atom can be
enhanced by several orders of magnitude, if they meet the
appropriate enhancement selection rules. Two types of vibra-
tions are enhanced: (a) totally symmetric vibrations with respect
to the absorbing centre and (b) vibrations in modes that cause
the same molecular deformation as induced by the electronic
excitation.’® Fig. 15b shows the Raman spectra collected for
dehydrated TS-1 using four different lasers. Besides the typical
modes of the siliceous MFI framework at 800 and 370 cm ™, two
Ti-specific bands at 960 and 1125 cm ™" are observed. It is evident
that only the latter mode is enhanced by tuning the exciting laser
source within the Ti-specific LMCT band.’®*®*® The ratio
between the intensities of the two Ti-specific modes increases
progressively by moving from a near-IR to a far-UV source;
specifically, 1(1125)/1(960) = 0.25, 0.48, 0.65 and 12.50 using
1064, 442, 325 and 244 nm lasers, respectively (Fig. 15b). Similar
enhancements have been observed in the Raman studies of
Ti-STT>** and Ti-CHA>** frameworks.

In the case of Ti-silicalite, where the Ti-O and Si-O bonds
have different polarity and a different force constant, the
Vasym(Ti-O-Si) mode can be considered as a 1(Si-O) mode
perturbed by an adjacent Ti centre. Moreover, the totally
symmetric [SiO4]sym mode, where while the four Si-O bonds
expand (or contract) in phase and the Ti-O bonds contract (or
expand) in phase, should be IR-inactive and only weakly
Raman-active. Indeed, a peak at 1125 cm ' is present in the
Raman spectrum (Fig. 15b). This peak is not observed with
silicalite-1, as expected. DFT calculations”® have shown that the
Raman peak at 1125 cm ™' is associated with the expansion and
contraction of the coordination sphere constituted by the four
equivalent oxygen atoms surrounding the Ti center, which is

This journal is © The Royal Society of Chemistry 2015
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Fig. 15 Part (a): UV-Vis DRS spectrum of dehydrated TS-1 catalyst showing
a typical LMCT band at 208 nm (48000 cm™Y); the four excitation laser
lines used in this Raman study are also shown: near-IR (red), visible (green),
near-UV (blue) and far-UV (purple). The spectrum has been reported in
reflectance units (R%), where absorption bands correspond to minima in
the spectrum. Part (b): Raman spectra of dehydrated TS-1 obtained with
four different lasers emitting at 2 = 1064, 422, 325 and 244 nm (red, green,
blue and purple lines, respectively). Raman spectra have been vertically
shifted for clarity. Although the intensity of each spectrum depends upon
different factors, the evolution of the /(1125)//(960) ratio by changing the
laser source is remarkable. The inset shows the Raman spectrum collected
with a 244 nm laser on its full scale to appreciate the intensity of the
1125 cm~* enhanced mode. Part (c): UV-Vis DRS spectrum of TS-1 catalyst
in contact with H,O,/H,O solution, showing a typical LMCT band of the
Ti-peroxo complex at 385 nm (26000 cm™); the four excitation laser
lines used in this Raman study are also shown: near-IR (red), visible (green),
near-UV (blue) and far-UV (purple). Part (d): Raman spectra collected with
the 442 nm laser of TS-1 before and after interaction with H,O,/H,O
solution (dotted and full lines, respectively). The inset shows the optimized
anhydrous ["O,-Ti(OSi)s + 5H,O + HzO™] cluster adopted for the calcula-
tion (B3LYP/6-311+G(d,p) level). The ball-and-stick vs. stick notation distin-
guishes the zone of interest (treated at high level) from the complementary
part of the cluster treated at low level only. Colour-coded: green, Ti; red, O;
yellow, Si; white, H; blue lines represent H-bonds. The main parts have been
adapted with permission from ref. 48, copyright Royal Society of Chemistry
2003; the inset in part (d) has been reproduced with permission from ref. 22,
copyright Royal Society of Chemistry 2007.

further confirmed by the Raman resonance obtained using a
244 nm excitation line, Ze. a frequency close to the LMCT transition
of tetrahedral TiO, in Ti-silicalite. In fact, the peak at 1125 cm™ " is
enhanced by one to two orders of magnitude, as expected for a
resonance-enhanced mode where UV excitation causes the simulta-
neous symmetric increase of all four Ti-O distances. The remaining
three modes (asymmettic 1{SiO,,q,m modes) are responsible for the
band at 960 cm ™" (see orange spectrum in Fig. 14b), which is the
fingerprint IR band of Ti-silicalite (red spectrum in Fig. 14b). From
the point of view of the [Si-O-Ti] groups these modes have mixed
Veym and Ve character. It is evident that these considerations are
highly qualitative; a better description could be given on the basis of
the stretching vibrations of the cluster shown in the inset of Fig. 15b
or analysis of the elementary cell modes.
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Following these considerations, the insertion of a lighter
atom in the structure, for instance B, would be associated with
a ¥(B-0-Si) mode occurring at frequencies higher than those
typical of silicalite and M-ZSM-5 (M = H, Na). Indeed, the
spectrum of H-B-silicalite shows a strong peak at 1380 cm ™",
which confirms this simple model (Fig. 14a).>*° However,
because it disappears upon dosing NH; (i.e. upon the formation
of NH,"), it has been assigned to a local mode of the planar
[BOs] structure, which is transformed into a tetrahedral struc-
ture upon contact with NH;. From this result, it is inferred that
the v,m of genuine (B-O-Si) groups with regular framework B
occurs at frequencies that are not substantially different from
those of (Al-O-Si) and (Si-O-Si) units. Vibrational, B K-edge
XANES and DFT studies of B-CHA have successively confirmed
this interpretation,'>®%3%°33

3.3.2. Reactivity of Ti centers in TS-1. TS-1 is an industrial
catalyst that is used for several partial selective oxidation
reactions using H,O0, as oxidizing agent.**”*’>°° Due to the
presence of H,O in the reaction medium (which precludes an
extensive use of IR spectroscopy), the vibrational features of the
active Ti-peroxo complex were clearly observed in 2002 (i.e. more
than 20 years after the catalyst was patented) via a resonant
Raman study.*’

A previous Raman study by the same group,”® which
exploited an exciting source of 1064 nm, was only able to
measure the O-O stretching of peroxo complexes formed at Ti
sites upon contacting TS-1 with basic solutions of H,0,/NH;/
H,O (840 cm™ ') and H,0,/NaOH/H,O (843 cm™"). Note that the
0-0 stretching frequency of H,0, molecules in an aqueous
solution occurs at 875 cm ™. The reason for the partial success
is probably due to the fact that, in basic solutions, peroxo
species are more stable, and therefore they are not readily
destroyed by a laser beam. The same experiment on a H,0,/
H,0 solution was not successful because of the labile nature of
the complex. On this basis, it therefore becomes clear that the
only route that can be followed to improve the quality of Raman
spectra is to operate in resonance conditions.

Of course, because peroxo species absorb in the visible range,
an exciting source in the same spectral region must be used,
because in this way the vibration associated with the Ti-peroxo
species can undergo a Raman enhancement phenomenon, if the
selection rules are fulfilled. Among the four laser lines available,
the most suitable for stimulating a resonance-enhanced
response is the 442 nm (22625 cm™ ') source, which is located
in the low-energy tail of the LMCT band around 385 nm that is
typical of the TS-1/H,0,/H,O system (see Fig. 15c). Fig. 15d
shows the Raman spectra collected with the 442 nm laser of
TS-1 before and after interaction with a H,0,/H,O solution
(dashed and full lines, respectively). Interaction with H,O,
causes (i) a decrease in intensity and blue shift of the peak at
960 cm™ ' to 976 cm ™ (ii) the quenching of the 1125 cm™* mode
due to breaking of the Tg-like symmetry, as discussed in Section
3.3.1; (iii) the appearance of a strong, sharp (O-O) stretching
mode at 875 cm ' due to the H,0,/H,O solution being
physisorbed into the zeolite channels; and (iv) the appearance

of a strong and complex new feature centered at 618 cm™ .

Chem. Soc. Rev., 2015, 44, 7262-7341 | 7283


http://dx.doi.org/10.1039/C5CS00396B

Published on 05 October 2015. Downloaded by Rostov State University on 06/11/2015 08:50:32.

Chem Soc Rev

Features (i-iii) are also observed when the same experiment is
performed with a laser source of 1064 nm.”*" Conversely, the
band at 618 cm ™' was not observed either with the TS-1/H,0,/
H,0 system using a 1064 nm source or with a Ti-free silicalite-1
molecular sieve in a H,0,/H,0 solution using a 442 nm exciting
source, and was therefore ascribed to a Raman-enhanced vibra-
tional mode of the Ti-peroxo complex.*”*®

The similarity between the spectroscopic features, both
UV-Vis and Raman, of (NH,")3(TiFs0,)’ and TS-1/H,0,/H,0
systems allowed Bordiga et al.*”*® to conclude definitively that
the species responsible for the band at 26 000 cm ™" of the TS-1/
H,0,/H,0 system is a ‘“‘side-on” Ti-peroxo species characterized
by a Raman mode at 618 cm™ ', which is resonance-enhanced
using an exciting laser line that falls in the LMCT transition
region. This vibrational assignment was successively supported
by EXAFS>****% and DFT** data.

4. Basicity in zeolites

The basic properties of zeolites have generally been much less
studied than their acidic properties; an extended bibliographic
search on the basicity of zeolites typically yields ten times fewer
entries than an equivalent query relating to acidity. This might
partly reflect the fact that industrial heterogeneous catalytic
processes using basic or amphoteric catalysts are considerably
less developed than acid-catalyzed processes, and to the best of
our knowledge, none of these uses basic zeolites.>>*>>® Further-
more, even though basic zeolites are widely used in other
relevant industrial processes such as drying, separation or ion
exchange,””**® fundamental studies that specifically deal with
the characterization of the basicity of these materials are
scarce. As will be seen in more detail below, this reflects the
fundamental difficulty in specifically probing zeolite basic sites
(usually framework oxygen atoms) without the involvement of
neighboring acidic centers (usually metal cations), while the
symmetric situation (probing Lewis acidic centers while strongly
limiting the interactions of the probe with framework oxygen
atoms) is usually easier to realize (see Section 3 above). Although
challenging, the characterization of the basic properties of
zeolites is worthwhile to carry out, enabling the establishment
of structure-activity or structure-selectivity relationships for
current acid/base-catalyzed reactions or separation processes or
for emerging applications such as the development of processes
based on biomass for the production of fuels and chemicals,
which often require basic functionalities. A number of compre-
hensive reviews on the structure and properties of basic zeo-
lites®>>”3%7%1 or on the characterization of the basic properties
of surfaces by IR spectroscopy™>®* have been published. In the
following section, general remarks on the surface basicity of
zeolites and its characterization by probe molecules monitored
by IR spectroscopy are discussed. Then, this overview will focus
on recent advances made in the characterization of zeolite
basic centers by IR spectroscopy. Examples of recent infrared
operando studies carried out on basic zeolites will be described
in Section 9.
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4.1 Basicity: general definition and applicability to zeolite
basic centers

Although many definitions of basicity have been proposed,®®
only two of these are commonly used in surface chemistry,
namely, the Brensted-Lowry definition, which states that a
base B hosted in a zeolite Z accepts a proton from an acid HA:

ZB~ + HA — ZB-H + A~ (8)

and the Lewis definition, which states that a base ZB: donates a
lone pair to an acid A, resulting in the formation of an
adduct ZB:A:

ZB: + A > ZB:A 9)

It is worth noting that in this section the situation is reversed
with respect to that addressed in Section 2, where we reported
on the characterization of Brensted acidity in zeolites; here, the
base is on the solid ZB and the acid HA is a molecule in the gas
or liquid phase, whereas in Section 2, the base B was in the gas
phase and the acid was on the internal surfaces of the solid ZH,
as shown in eqn (1).

Any acid compound, acid function in a complex compound,
or acidic center on a surface can generally be classified as Lewis
or Brgnsted without ambiguity or reference to a given base. For
instance, as detailed in the preceding sections, extraframework
cations of a zeolite are Lewis acid centers, whereas bridging OH
groups are Brgnsted acid sites. For basic centers, however, no
such a priori classification can be made to date, as lone
electron pair donors (Lewis bases) are also proton acceptors.
In this respect, the class of a basic center, Lewis or Brensted, is
essentially context-dependent and defined by the class of the
acid interacting with it, i.e. Lewis or Brensted, be it a probe
molecule used to characterize the basicity, a reactant involved
in a base-catalyzed reaction, or an adsorbate for trapping or
separating from a mixture. Therefore, distinguishing between
surface Lewis and Bronsted bases is misleading and should be
avoided.

The most important class of basic zeolites to date is the
family of aprotic, ion-exchanged zeolites, in particular FAU
zeolites (X or Y type, see Fig. 20 below for a view of the
structure), which may be regarded as typical of basic zeolites.
In these materials, as detailed in Section 3.1, the charge defect
induced by framework AI** cations is compensated by extra-
framework mono- or multi-valent cations M"" (for a detailed
review of the position and distribution of these cations in FAU
zeolites with respect to their type and composition, we refer the
reader to the study of Frising and Leflaive®®*). In such materi-
als, the negative charge carried by oxygen framework atoms
primarily depends on the structure and chemical composition
of the zeolite. A simple but powerful concept that enables the
average negative charge of framework oxygen atoms vs. the
composition to be assessed is the electronegativity equalization
principle of Sanderson,’®*>%® which was applied to zeolites by
Mortier.”** Within this paradigm, the average partial charge
of the framework oxygen atoms Jo is proportional to the
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difference between the intermediate electronegativity of the
zeolite atoms S;,. and the electronegativity of oxygen (So = 5.21):

50 oC Sint — SO (10)

where S, is the geometric mean of the electronegativities of
the component atoms of the zeolite. In other words, the lower the
electronegativities of the cations, the lower is the intermediate
electronegativity, and more negative are the oxygen framework
atoms. Therefore, the charge on oxygen increases with the amount
of Al in the framework (Sy = 2.22 vs. Ss; = 2.84) or when the
electronegativity of the extraframework counter-cations is low (for
instance, for alkali metal-exchanged zeolites, the charge on oxygen
increases from Li- to Cs-exchanged zeolites: Sy; = 0.74, S¢s = 0.28).

Besides, although framework oxygen atoms have been by far
the most frequently investigated in the literature, other basic
centers can be encountered in zeolites for instance hydroxy
groups resulting from the dissociation of water in hydrated
extraframework cations,”®” basic oxygen atoms or hydroxy
groups in oxide clusters,”®® or basic NH groups obtained by
nitridation.>®°

The characterization of the basicity of a zeolite involves
determining the number and strength of these basic centers.
As IR spectroscopy is sensitive to chemical bonds, it generally
does not allow the detection of basic sites themselves, with the
notable exception of basic extraframework OH groups®®”>”°
and NH groups of nitrided zeolites.””**”> Thus, the general
approach to the characterization of zeolite basicity involves the
use of acidic probe molecules that ideally would react with the
basic centers according to reactions (8) or (9) mentioned above.
It must be noted, however, that while such equilibria may be
investigated in dilute solutions, the surface density of basic
sites and the proximity of acidic centers often prevent the
selective observation of reactions (8) or (9) in zeolites. This is
virtually always the case for the Bronsted equilibrium (8), where
the conjugate base of the acid (A™) forms a complex with Lewis
acid centers (M™") in the vicinity of the basic center:

Z[B-,M"] + HA — Z[B-HM""-A"] (11)

Therefore, within basic zeolites, for a given acid HA, the
realization of the Bronsted equilibrium (11) is simultaneously driven
by the strength of vicinal basic and acidic centers, which does not
allow conclusions regarding basicity alone. The characterization of
basic centers using protic probe molecules is thus generally carried
out in conditions that prevent dissociation (8) and restrict acid-base
interactions for the formation of hydrogen bonds between the acidic
protons and the basic centers:

ZB~ + HA — ZB - -HA (12)

Although seemingly paradoxical (the reaction that defines
basicity is avoided), such a situation allows one to selectively
probe basic sites. With respect to the Brgnsted definition, the
hydrogen-bonding interactions can be viewed as incipient
proton-transfer reactions, i.e. a suspended stage of reaction
(8) in which a partial bond ZB™---H is formed, whereas the
H-A bond is weakened.>”® Within this approach, the Brgnsted
strength of the basic site can be heuristically approximated via
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the strength of the hydrogen bond, which has been shown to be
generally strongly correlated in the case of gas-phase or liquid-
phase complexes.’®® Alternatively, the formation of hydrogen-
bonded complexes (12) can also be considered to some extent
as a particular case of the Lewis definition (9) because it
generally involves a small charge transfer from the proton
acceptor (base) to the proton donor (acid), in the order of
0.01 to 0.03 electrons."® Deviations from the ideal case of the
Lewis (9) or hydrogen-bond formation equilibria (12) are,
however, generally encountered because the acid probe can
usually interact with a vicinal acid center via a basic moiety b:

Z[Bf,Mm] + HAb: - Z[B™-- ~HAb:M"+:| (13)
Z[B:M™] + Ab: — Z[B:Ab:M™'] (14)

Although the same complication can also occur when probing
acidic centers (see Section 3 above), it is virtually always present
for the characterization of basicity, where the probe, for
obvious geometrical reasons, is often located between the basic
center and the acid site. In other cases, a basic probe molecule
may even undergo dissociation, leading to the in situ generation
of an acid A", which interacts with the basic center:

Z[B:M™"'] + Ab: — Z[B:A",b":M"'] (15)

Once these limitations are taken into consideration, ie. a
suitable probe that interacts as selectively as possible with the
basic centers has been found, the basic strength is often
assessed via the spectrum of the acid-base complex. Ideally,
the stretching vibration between the acid and the base (ZB- - -A
or ZB- - -HA) would be the most direct spectroscopic indicator of
such interactions, but these bands are in the far infrared
region, which generally prevents their observation, particularly
in the condensed phase. Moreover, while in the gas or liquid
phase the base often presents group vibrations that are selec-
tively affected by the formation of a Lewis or hydrogen-bonded
complex, zeolite Al-O and Si-O bond vibrations are strongly
coupled and the perturbation of the resulting framework
modes, which is induced by adsorption, cannot be directly
related to the strength of the adsorption. Therefore, the only
spectroscopic indicators that are available for the characteriza-
tion of zeolite basicity are generally the vibration modes of the
acidic probe molecule, which are perturbed by the nature and
strength of the acid-base interaction. The following part briefly
describes the most important probe molecules used for this
purpose with illustrations from recent findings in this field.

4.2 Probe molecules for characterization of zeolite basicity

4.2.1. X-H acids as probes. The largest and most frequently
used class of probe molecules for the characterization of zeolite
basicity consist of acidic, non-reactive molecules containing an
acid functional group X-H (X = C, N, and O), which forms a
hydrogen bond with basic centers according to reaction (12) or
more often (13) mentioned above. The formation of these
complexes is generally indicated by a significant downward
shift and broadening of the ¥(X-H) stretching band, the extent
of which is usually quantified by a shift in frequency A7(X-H)
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with respect to that observed in the gas phase or dilute solution, is
indicative of the hydrogen bond strength, and hence the basic
strength of the oxygen center. Although generally straightforward to
detect, hydrogen bonding always complicates the spectra with
broad and poorly resolved features, which often hinder conclusions
regarding the heterogeneity of these sites. Moreover, the intensity
of these bands increases with the strength of the hydrogen bond,
thus preventing the quantification. See the parallel discussion in
Section 2.2 regarding Brensted acidity.

Pyrrole (C,H,NH) was one of the probe molecules that were
first employed for this purpose.””* On alkali-exchanged X
zeolites, its ¥(N-H) is shifted by an amount ranging from
~—200 cm™* for Li-X to ~—300 cm™* for Cs-X with respect
to dilute solution: 74(N-H) = (3497 cm 1).>*31°757578 gych
shifts are indicative of relatively weak hydrogen bonds (relative
shift in frequency less than 10%),>”®> and no dissociation or
surface transformation of pyrrole over basic zeolites is generally
reported when adsorption is carried out at room temperature.
This fact contrasts with even weakly basic metal oxides such as
v-Al,03, on which the formation of pyrrolate species has been
confirmed.” Moreover, for a given zeolite structure, the
observed shifts are strongly correlated with the negative charge
of the oxygen framework, derived from the electronegativity
equalization principle.**”*%7%>”? pyrrole thus appears to be an
excellent probe for the study of zeolite basicity. Although early
studies mostly considered the global maximum of the 1(N-H)
band to be a measure of average basicity, more recent studies
have generally attempted to decompose the broad (N-H) band
into several components to obtain more insight into the
heterogeneity of basic sites. Individual components are
assigned to basic framework oxygen sites that differ in the
nature of the extraframework cation in the case of partially
exchanged zeolites,”’® the position of the cation,>®® or the
number of aluminum atoms in the rings of the site where the
cation is located.>”®8%°81 Kugera et al. investigated the hetero-
geneity of zeolite basic sites via a combined experimental and
theoretical study of the adsorption of pyrrole on alkali-
exchanged MFI zeolites.”®" Fig. 16a shows the spectra obtained
after the adsorption of pyrrole followed by desorption at
increasing temperatures on two K-MFI zeolites that differ in
their Si/Al ratio. The »(N-H) band clearly exhibits two main
components I and II at high and low frequency, respectively,
which both increase with the concentration of framework
aluminum and hence with zeolite basicity. Interestingly, the
low-frequency component, which corresponds to stronger sites
(lower #(NH), higher |AZ(NH)| and higher thermal stability), is
the most increased. In parallel, modeling of the adsorption of
pyrrole in these systems using hybrid DFT/molecular
mechanics calculations indicated that the extent of the shift
in Ap(N-H) frequency is primarily governed by the nature of the
T atoms that bind the framework oxygen atoms. Complexes
that are H-bonded with [=Si-O-Si=] centers such as struc-
ture I (Fig. 16b) display moderate shifts in frequency (A7(N-H)
from —50 to —100 cm™ "), whereas those formed with [ = Al-O-
Si=] centers (Fig. 16c, structure II) lead to much larger shifts:
AP(N-H) < —150 cm ™. The content and distribution of Al in
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Fig. 16 Part (a): FTIR spectra of pyrrole adsorbed on K-MFI with Si/Al
ratios of 14 and 33 (full and dotted curves, respectively.) after desorption of
pyrrole at 342, 393, and 443 K (top, middle and bottom curves, respec-
tively). Part (b): Pyrrole adsorption complexes with Si—O-Si centers (1), as
computed via a hybrid quantum mechanics/interatomic potential function
approach. Part (c): Similar to Part (b) for the adsorption of pyrrole on
Al-O-Si centers (). Adapted with permission from ref. 581, copyright
American Chemical Society, 2004.

the ring was also found to have a significant impact on the
U(NH) frequency. For instance, when Al pairs are separated by
two vs. three SiO, tetrahedra, N-H stretching frequencies can be
lowered by ~50-100 cm™ ", thus confirming the substantial impact
of the distribution of Al proposed by previous studies.’”> 77,8283

The shifts in »(N-H) frequency are dominated by the frame-
work oxygen basicity; moreover, these theoretical calculations
also show that the cation-n-ring interaction, which is clearly
seen in the complexes shown in Fig. 16b and c, plays an
important role in the stabilization of these complexes, which
is in line with previous theoretical studies on alkali-exchanged
FAU zeolites.?®"°%% Such interactions, which can be detected
via a significant upward shift in the »(C-H) out-of-plane
deformation modes,*®* can be strong enough to displace extra-
framework cations within the FAU structure. Therefore, the
adsorption of pyrrole on basic zeolites essentially proceeds
according to reaction (13) mentioned above and is governed
by basic and acidic centers.”®® In this respect, the energetics of
pyrrole adsorption, as evaluated by, for example, conventional
TPD experiments, should not be considered as an indicator of
framework basicity unless validated by parallel IR experiments.

Halocarbons, in particular chloroform (CCl;H), are also classi-
cally used for the characterization of basicity. Chloroform, although
has the same deprotonation energy as pyrrole (1500 kJ mol *),>%
generally exhibits considerably lower shifts in frequency
when adsorbed on basic zeolites: from ~—20 em™" for Li-X
to —100 cm™ " for Cs-X zeolites, and these are still strongly
correlated with the negative charge on oxygen.*®” Such low shifts
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in frequency are due to significant interactions of the halogen
atoms with extraframework cations.’®® Besides, because C-Cl
bonds have ionic character, chloroform can also be reactive, in
particular when traces of water are present;’®” in addition,
according to the recommendations given for pyrrole, extra pre-
cautions should be taken when using this probe on zeolites.
Fluoroform (CF;H), which has stronger carbon-halogen bonds,
is more stable than chloroform. However, when adsorbed on a
basic zeolite, the 1(C-H) band can be shifted toward higher
frequencies with respect to the free molecule. This behavior was
initially interpreted to be resulting from strong interactions of
fluorine with extraframework cations, which prevented the for-
mation of hydrogen-bonded complexes.’®* % Recently, however,
the use of this probe has been re-investigated by Tsyganenko
et al. on metal oxides and basic zeolites.***°°° They showed that
the modifications of the frequency and intensity of the 1(C-H)
band upon adsorption actually follow the trends expected for
so-called blue-shifting or improper H-bonds, which have
attracted a lot of attention since the early 2000.%%*7%%

Such a behavior occurs when an isolated H-bond donor has
a negative derivative of the dipole moment (i.e. corresponding
to a bond dipole directed in the sense C°*~H°"). In such a case,
weak hydrogen-bonding interactions first lead to an upward
shift in frequency (i.e. blue-shifting H-bond) and then to a
decrease in intensity, whereas for sufficiently strong hydrogen
bonds, a normal downward shift in frequency and increase in
the intensity of the ©(C-H) band are observed. This is illustrated
in Fig. 17, which shows the evolution of the frequency of the
(C-H) mode (squares, left ordinate axis) and its intensity
normalized to that of the §(C-H) mode (circles, right ordinate
axis) of adsorbed fluoroform. Framework oxygen centers with
very weak or intermediate basicity, such as those of Al-free
silicalite-1 or Na-Y zeolite, give rise to improper, blue-shifting
hydrogen bonds (red and blue squares in Fig. 17), whereas the
stronger basic centers of Na-X zeolite lead to normal, red-
shifting hydrogen bonds (green square). Finally, the upward
shift in the §(C-H) mode appears to be roughly correlated with
the basic strength of the oxides investigated in this study and
the authors suggested that it could be used as an approximate
measure of surface basicity, as for ‘normal’ H-bonds. The non-
monotonic behavior of the 1(C-H) band with the basic strength,
however, makes analysis of the spectra not straightforward,
which prevents the use of this probe for routine analysis of
surface basicity. Sanchez-Sanchez et al. investigated the use of a
chlorofluorocarbon probe molecule, CCL,FH, on alkali-exchanged
zeolites and found that the correlation between the shift in 1{C-H)
frequency and the negative charge on oxygen is generally less than
that obtained for chloroform, which they ascribed to the influence
of fluorine-cation interactions, as confirmed by NMR.>® It should
also be noted that this molecule was also later found to form blue-
shifting hydrogen bonds,>*® which could thus contribute to a
decline in such correlations.

The other class of C-H acids used for the characterization of
basicity is the family of acetylenic compounds. Acetylene
(C,H,), first proposed by Uvarova et al.,””” exhibits shifts in
1(C-H) frequency, which are sensitive to the strength of basic
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Fig. 17 Positions of 1(CH) band (squares, left scale) and ratios of integrated
intensities of C—H stretching and bending vibrations Azcpy/Asch (circles,
right scale) of H-bonded fluoroform plotted against §(CH) values on metal
oxides and zeolites. For this review, the more relevant set of data are those
marked with colored symbols: 0 - free molecule; 1 — Al-free silicalite;
2 — Na-Y; and 3 — Na-X. The central inset shows a representation of
fluoroform H-bonded with a basic framework oxygen atom of a zeolitic
framework. Adapted with permission from ref. 590, copyright Elsevier, 2014.

sites of alkali-exchanged zeolites that are ~—80 and —115cm ™"

for Na-Y and Na-X zeolites, respectively. More recently, the use
of this probe has been extended to the study of a large series of
metal oxides, which confirms its interest for the study of
basicity.>*® It should be noted, however, that the C-H stretching
mode of acetylenic compounds is generally coupled with the
C=C stretching vibration, and in the case of acetylene, it is
coupled with the second C-H vibration, leading to symmetric
and antisymmetric ©(C-H) modes. To limit the latter coupling,
heavier alk-1-ynes, such as propyne or but-1-yne, could be used.
Although not reported with much detail, propyne was also used
by Uvarova et al. and Knozinger and Huber on alkali-exchanged
FAU zeolites, which exhibited shifts in »(C-H) frequency that
were consistent with oxygen framework basicity.>**” Finally,
Lavalley et al. proposed the use of but-1-yne (CH;CH,CCH) and
showed that this probe could be used for zeolites with moder-
ate basicity such as Na-Y or Na-X zeolites and could be more
sensitive to the heterogeneity of basic sites than pyrrole.**® On
more basic zeolites, such as Cs-exchanged FAU, but-1-yne,
however, undergoes isomerization reactions, preventing its
use over such solids.

4.2.2. Lewis acids as probes. Carbon dioxide (CO,) is
certainly the most employed probe for the characterization of
surface basicity. On basic zeolites, however, the most striking
adsorption mode for CO, is generally the formation of linear
complexes with extraframework cations, which leads to intense
bands around 2360 cm™ ' due to the asymmetric stretching
vibration v;, which shifts toward high wavenumbers as the
polarizing power of the cation increases®*”®°* (for more details,
see Sections 3.1 and 7.2). In addition to the bands of linearly
adsorbed CO,, the formation of carbonate species, characterized by
{COO) bands in the 1300-1700 cm™ " range, is generally evidenced
on zeolites with medium to high basic strength such as Na- or
heavier alkali ion-exchanged X zeolites,””*® K-, or Cs-exchanged
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zeolites,**>°%® whereas no such species are detected on zeolites
with weaker sites (e.g. Li-X, Li-Y or Na-Y).°*> The carbonate
species formed are characterized by two 1(CO) bands, resulting
from a lowering in symmetry, as compared to the free CO5>~ ion.
On alkali-exchanged zeolites, these bands, which are assigned to
symmetric and asymmetric COO vibrations, generally appear at
~1650-1700 cm™ " and ~1300-1400 cm ™', which, by analogy
with metal oxides,* are indicative of bridged carbonate species
formed with basic framework atoms (Fig. 18a). However, to the
best of our knowledge, in contrast to the case of other probe
molecules, no systematic trends between the position of these
bands and the expected basic strength of the zeolite have been
reported. Generally, these species are irreversibly adsorbed at
room temperature and are thus much more strongly adsorbed
than CO, complexes, but represent a minority species. By
comparing successive CO, adsorption isotherms on K-Y and
Cs-Y zeolites, Pirngruber et al. estimated that the amount of
carbonate species is ~5 per unit cell (UC), which can be
compared with the total CO, capacity of ~70-90 molecules per
UC.®% This result is in line with the much earlier estimate of
~ 3 irreversibly adsorbed CO, species per UC in Na-X zeolites by
Jacobs et al.®®* Although many recent theoretical studies have
been devoted to the adsorption of CO, on alkali-exchanged
zeolites, none of them have modeled the structure or formation
of such species. On the basis of DFT calculations carried out on
linear ion-CO, complexes, however, Pirngruber et al. discussed
the formation of such species by noting that on basic zeolites,
such as K-Y or Cs-Y zeolites, the carbon atom of CO, adsorbed in
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Fig. 18 Part (a): IR spectra of the adsorption of CO, on K-X zeolite at 373
K, showing the formation of carbonate and hydrogen carbonate species.
Black inset: Linearly adsorbed CO, species. Green inset: Schematic struc-
ture of bridged carbonate species in an alkaline zeolite (T=Si or Al). Part (b):
stick (zeolite framework) and ball (CO, and extraframework cations)
representation of a CO, molecule (carbonate precursor) adsorbed in a
12-membered ring window of Cs-Y zeolite (supercage). The shortest
C.--O and O---Cs™ distances are represented by the dashed lines. The
O=C=0 angle is 177.7°. Part (c): Structure of the hexagonal window,
separating the supercage and the sodalite cage (see the inset in Fig. 20
below for a larger view of the Y structure) with the optimized position of
(Li, Na, K, and Cs) cations in site Il. Color code of part (b): Si atoms, yellow
sticks; Al atoms, red sticks; framework oxygen atoms, red sticks, while
red and gray balls refers to the O and C atoms of the CO, molecule, and
the blue balls refer to Cs cations. For part (c), green ball, Li; violet ball, Na;
orange ball, K; blue ball, Cs. Part (a): Adapted with permission from ref. 567,
copyright American Chemical Society 2003; parts (b) and (c): adapted with
permission from ref. 602, copyright Royal Society of Chemistry 2010.
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12-ring windows (supercages) does interact with zeolite frame-
work oxygen atoms, leading to a slight bending of the O—C=—0
angle (<3°), and can be considered as a precursor of bridged
carbonate species (Fig. 18b).°®> The impossibility of forming
carbonate species on light alkali-exchanged zeolites, such as
Li- or Na-Y, is explained within this qualitative model by (i) the
lower basicity of framework oxygen atoms and (ii) the position of
the small cations, which are close to a hexagonal window,
leading to short M"---OCO distances (Fig. 18c) and preventing
the interaction of the carbon atom with framework oxygen
atoms. Finally, it is worth noting that CO, can probe other basic
sites than framework oxygen atoms. It is the case, for instance, of
extraframework aluminum species of acidic BEA zeolites that are
slightly basic and can lead to carbonate or hydrogen carbonate
species (Fig. 18a);°°*®% of basic hydroxy groups resulting from
the dissociation of water in hydrated extraframework cations and
leading to hydrogen carbonate species;>®” and of metal oxide
clusters, which lead to (hydrogen)carbonate species similar to
those formed on amorphous oxides.>%¢%

For completeness, it should be noted that boric acid tri-
methyl ester (B(OCHj;);) was proposed as a Lewis acid probe
molecule by Li et al. for the characterization of the basic
properties of metal oxides>*® and zeolites.®*® The formation of
Lewis complexes with framework oxygen anions changes the
planar symmetry of this molecule into a pyramidal form,
leading to the splitting of a degenerate vibration involving
B-O bonds (1360 cm™'). However, the position and splitting
of these bands were not sensitive to the strength of basic
centers and this probe has not been used much since these
early studies.

4.2.3. In situ generated probe: NO'. Recently, the dispro-
portionation reaction of NO,, leading to a nitrate anion and a
NO" cation (nitrosonium), has been used to characterize the
basicity of alkali-exchanged FAU zeolites:*°”°%%

[zO™, M'] + 2NO, — [ZO":NO', M":NO; "]  (16)

In this reaction, which is formally equivalent to (15) mentioned
above, nitrate ions are stabilized by extraframework cations,
whereas NO" directly interacts with framework oxygen atoms.
The »(NO') stretching frequency was found to be strongly
sensitive to the electron density of the oxygen atom, decreasing
from 2110 cm ™" to 1970 cm™ ' for Li-Y to Rb-Y zeolites and
from 1976 to 1903 cm™ ' for Li-X to Rb-X zeolites (Fig. 19a).
These species were studied by periodic DFT calculations, which
confirmed such a trend, e.g. a decrease in ¥(NO') frequency
with increasing size of the alkali cation on the one hand and
from Y- to X-zeolites on the other hand (Fig. 19b).°%*¢*°

5. ldentification and location of sites in
the framework of zeolites by the size of
probe molecules

Pores are the main feature of zeolites. Molecular sieving can

influence reactants and probe molecules. The catalytic activity
and selectivity of zeolites can only be understood by knowing
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Fig. 19 Part (a): Positions of »(NO") bands on alkali-exchanged X- and
Y-zeolites. Previously unpublished figure, summarizing data reported in
ref. 607 and 608. Part (b): Stabilization of the NO*/NOz™~ ion pair formed
by disproportionation of N,O4 at site Il of K-X zeolite (Do, symmetry), see

also inset in Fig. 20. Selected interatomic distances (A) are shown in italics.
Adapted with permission from ref. 610, copyright Wiley 2010.

the location of sites and by knowing how easily these sites can
be reached by reactants. This question is also valid for all sites,
and not only for those that are catalytically active. Silanol
groups and simple adsorption sites, namely, Brgnsted and
Lewis sites (see Sections 2 and 3, respectively) can be accessible
or not, or subject to other factors such as diffusion limitation
and confinement. Infrared spectroscopy is a major tool for
determining and studying these effects.

The difference in behaviour and catalytic activity between
internal and external sites (silanols, lattice OH groups) in
zeolites has long been a matter of study.'®®'6%611761¢ [ recent
years, hierarchical materials have provided a method for over-
coming diffusion limitations in zeolites.**™*"°7%177%3% The
question of the accessibility of catalytic sites in these materials
has raised new interest in the use of infrared spectroscopy of
probe moleculeS.90’91’97’629_634’636’637’641’653

This section is divided into five subsections. The first is
devoted to the IR investigation of the influence of pores and
confinement on the acid strength of OH groups in the supercage
and sodalite cage of H-USY zeolite. Section 5.2 discusses the
accessibility of Brensted sites in defect-free and defective zeo-
lites. Section 5.3 shows how the use of different methyl-
substituted Py allows discrimination between internal and exter-
nal OH groups in zeolite H-ZSM-5. The methodology of using a
set of different probes with increasing steric hindrance for
investigating the accessibility of zeolitic pore systems is dis-
cussed in Section 5.4 with several examples. Section 5.5 presents
IR characterizations of hierarchical zeolites. Finally, the use of
two nitrile probes of different sizes, namely, CH;CN and benzo-
nitrile (PhCN), for characterizing the accessibility of Brensted
sites in progressively dealuminated mordenites, which is poten-
tially relevant to this section, is reviewed in Section 8.3 because it
is based on stimulated Raman scattering (SRS) microscopy.®>>

5.1. Influence of pores and confinement on the spectrum and
acid strength of OH groups: H-USY zeolite as a key study

The protonic form of ultrastable Y zeolite (H-USY) is obtained
by prolonged steaming at high temperature of H-Y zeolite.
This process aims at removing the more unstable AI’" species
from the zeolitic framework, resulting in the loss of the
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corresponding Bronsted sites and the appearance of extrafra-
mework AI*" Lewis sites (see Section 3.2). This benefits the
catalytic application of the material in industrial plants because
it guarantees more stable activity of the catalyst over time.>**#%9-3%1
Among all the catalytic applications of USY, in the industrial field,
the most important is the fluid catalytic cracking (FCC) of the high-
boiling hydrocarbon fraction of petroleum crude oil, which is
converted to more valuable gasoline, olefinic gases, and other
products.”"7*382656-660 Eyrthermore, the mesopore network, which
is formed during steaming, improves the transport properties of
the catalyst, and therefore its overall efficiency.”>®**

As already discussed in Section 2.1, in first approximation,
the frequency of (OH) vibrations depends on the electron
density in the OH bond. Silanol groups, which are non-acidic
with a fairly strong O-H bond, appear in the IR spectrum as a
sharp band in the 3750-3740 cm ' range, whereas acidic
bridged OH groups have considerably less electron density
in their weaker O-H bond, and that bond vibrates around
3600 cm ™, as shown in Fig. 1 above and Fig. 20 below.

As already briefly mentioned in Section 2.1, any interaction
between the OH group and an electron donor (zeolite wall or
extraframework phase) will shift the v(OH) vibration band towards
lower frequency. This is particularly clear for H-USY zeolites, as
shown in Fig. 20. Bridged OH groups located in the large supercage
of the FAU structure appear at 3630 cm™ ', whereas they appear at
3565 cm ' when located in the sodalite units (these {OH) bands
are therefore often denoted as high and low frequency bands, HF
and LF, respectively). The IR spectrum of H-USY zeolite shown in
Fig. 20 differs significantly from that of H-Y zeolite shown in Fig. 1
(bottom curve). The relative intensity of the silanol band with
respect to those of Brgnsted sites reflects the much smaller
crystal size of the H-USY sample, whereas the steaming process
results in structured bands for both HF and LF components.

As mentioned in Section 2.1, the red shift in the LF component
is due to the interaction of the OH group with the neighbouring
walls of the sodalite cage (H-bonding with adjacent framework
oxygen atoms, scheme shown in Fig. 20). As discussed later, this
has no influence on the acid strength of the bridged OH group. The
main difference for any catalytic activity is that the access to OH
groups in sodalite cages is highly hindered, and that no reactant
can usually interact with LF OH groups. Interaction can also occur
between OH group and a neighbouring extraframework phase. In
acidic USY zeolite, the extraframework phase withdraws electrons
from the O-H bond. This results in an increase in the acidity of the
bridged OH groups and a further red shift in the 1{OH) vibration
bands; in fact, the maximum of the HF band occurs at 3645 cm™*
for H-Y (bottom curve in Fig. 1) and at 3630 cm " for H-USY
(Fig. 20). Depending on the type and location of the interacting
extraframework phase, four different 1{OH) vibration bands were
identified with two different types and two different locations of the
extraframework phase for each HF and LF OH group.®®®

5.2. Non-hierarchical zeolites. Are OH groups accessible or
not? The influence of structural defects

In zeolites without defects, a perfect crystalline structure will
exhibit the expected pore channels, and fairly simple reasoning
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Fig. 20 Main part: IR spectrum of H-USY zeolite in the region of 1{OH)
vibration bands. HF and LF bridged OH groups in supercages and sodalite units
are visible together with their red-shifted part due to interaction with an
extraframework phase. The top right-hand corner contains a stick representa-
tion of Y zeolite (FAU topology'®®) showing a supercage and several sodalite
cages. The locations of the Brensted sites in the supercage (site Il) and the
sodalite cages (sites I’ and II') are also shown. Site lll, also located in the
supercage, is only occupied for X zeolites, which have a lower Si/Al ratio. Main
part: Adapted with permission from ref. 662, copyright Elsevier, 2007.

will be able to predict and understand the accessibility of sites.
Silanol groups will only be external with no silanol nests, and
access to Bronsted sites (see Section 2) will be geometrically
restricted by pore windows. There will be, in a general case, no
Lewis sites (no defects and extraframework phase, see Section
3). The absence of Lewis sites can be confirmed after measure-
ment by cleaning the surface of the solid under vacuum and
adsorbing pyridine as the last probe molecule. If pyridine
detects Lewis sites, this is an indication of framework damage,
either before or during the experiment. Framework damage can
facilitate the transport of a probe molecule to adsorption sites
by creating defects in the pore system. It can also have the
opposite effect: too rapid calcination of a sensitive zeolite
(e.g. mordenite) can completely block the pore system and
pyridine will detect only a fraction of the Brensted sites (but
might detect unexpected Lewis sites due to an extraframework
aluminium phase).

The general case is that of a zeolite that contains defects.
Steamed or stabilized zeolites, as well as zeolites thermally
treated with a fast heating ramp, contain a significant amount
of defects and Lewis sites. Some sites that would not have been
accessible in a perfect crystal have now become within reach to
many probe molecules. Many studies about the accessibility
to some peculiar sites in zeolites (such as side pockets in
mordenites) are seriously concerned about the thermal history of
the zeolite and the presence of defects. Such fragile zeolites should
be activated by heating very slowly, sometimes at 1 K min~ ", but
always at less than 3 K min~". Access to hindered sites has been
claimed in zeolites, where the structure was in fact damaged, and
the structure of the pore around the adsorption site was not as
expected (which would have been detected by confirming the
absence of Lewis sites at the end of the experiment).

It has long been said that probe molecules must be small to
probe all the sites in zeolites. However, adjusting the probe size
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is a useful tool for understanding the relationship between
acidity and activity. In both perfect and defect-containing
zeolites, exploring of the pores can be carried out using probe
molecules of various sizes. The interaction of the probe mole-
cule with the site for this purpose can vary; e.g., protonation,
H-bonding, and deuterium exchange.

5.3. Substituted pyridines: distinguishing internal and
external silanol groups

Py is a common probe for characterising acid sites in zeolites. It
penetrates into most catalytically important pores. Methyl-
substituted pyridines, such as 2,4,6-collidine (2,4,6-trimethyl-
pyridine), are larger molecules, and their access to some micropores
is limited. In H-MFI, collidine was used to distinguish OH groups
located inside or outside the pore system, schematically represented
as blue and red spheres in Fig. 21c, respectively. The acidic Brgnsted
SiOHAI groups, which are located inside the micropores, are out of
reach of collidine. T atom vacancies result in internal silanol
nests, **7° which consist of internal Si-OH groups that are located
inside the micropores (not represented in Fig. 21c), and they vibrate
at a slightly lower frequency than the usual external silanol groups,
see the spectral region labelled as “internal silanols” in Fig. 1 in
Section 2. Adding 2,4,6-collidine to H-ZSM-5 results in a decline
in the silanol bands at 3745 cm™ !, whereas the band around
3610 cm™ ', due to internal Bronsted sites, is left unperturbed,
which can be inferred by comparing the full and dashed spectra
in Fig. 21a. Actually, a minor fraction of the silanol band is still
present in the dashed spectrum; this persistent component is
centered and tails off toward lower frequencies with respect to
the band of external silanols. The spectra shown in Fig. 21a are
direct spectroscopic proofs of the presence of internal silanols in
ZSM-5, which are not reachable by a 2,4,6-collidine probe.
Interestingly, the internal silanols in H-MFI disappear via inter-
action with traces of coke generated during xylene isomerisation
(Fig. 21b). Traces of coke can only be formed in the additional
space in structural defects, and this is where these internal
silanols are present.*'*

5.4. Different probes for studying pore systems

5.4.1. Py and CO co-adsorption in mordenite. The differ-
ence in size between probe molecules is a very sensitive tool for
exploring pores. Combining probe molecules by adsorbing
them together is a way of obtaining information from both
probes on the accessibility and strength of sites.’®* In this
regard, the mordenite framework provides a clear example. As
is the case for H-Y (see Fig. 1 and 20 above and related
discussions), H-mordenite also exhibits two different types of
Bronsted sites, characterized by a (OH) mode absorbing
around 3612 and 3585 cm™ !,1?3204229,665°667 4145 defined as
HF and LF components, respectively (Fig. 22a). Compared to
H-Y, a much smaller difference in the corresponding 7(OH)
characterizes the HF and LF components in H-mordenite and
a careful deconvolution process was needed to separate
them.®®*®®” The HF component appears due to Brgnsted sites
hosted in the main channels (a straight 12-membered ring
channel running along the [001] direction and characterized by

This journal is © The Royal Society of Chemistry 2015
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Fig. 21 Part (a): IR spectra in the v(OH) stretching region of H-ZSM-5
before (full line) and after (dashed line) the adsorption of collidine. Because
2,4,6-collidine does not enter the micropores of ZSM-5, only the OH
groups located on the external faces of the zeolite crystals are consumed,
leaving internal Brensted sites untouched and providing evidence of the
band due to internal silanols. Part (b): Similar to part (a) for H-ZSM-5 that
was subjected to a coke formation process after xylene isomerisation. On
the coked sample, internal silanols have disappeared. Part (c): Stick
representation of ZSM-5 zeolite fragment (MFI topology'®®) viewed along
the [010] direction of the straight channels; sinusoidal channels, running
along the perpendicular [100] direction, are indicated by black segments.
Moreover, the crystal surface is represented, where 2,4,6-collidine (stick
representation) has been dosed in excess. Red and blue spheres represent
possible locations of external (silanols) and internal (Brensted sites) OH
groups, respectively, whereas the stick color code is as follows: Si or Al
(yellow), O (red), N (blue), and C (grey). Dots outline the Connolly sur-
face®®® obtained with a probe molecule that is 2.8 A in diameter. This
scheme represents an ideal defect-free crystal, where internal silanols are
absent. Part (c): Previously unpublished; parts (a) and (b): adapted with
permission from ref. 414, copyright Elsevier, 2001.

an elliptical cross-section of 0.65 nm x 0.70 nm in diameter).'®

These channels have side pockets in the perpendicular [010]
direction, circumscribed by 8-membered rings that are
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accessible through windows with a free diameter of ca. 0.39 nm
and hosting the Bronsted sites responsible for the LF component.
See Fig. 22b for a view of the mordenite structure along the main
channel direction. A Py probe has access to the Brgnsted sites
located in the main channels, but not to those hosted in the smaller
side pockets. This can be seen on the spectra of the :{OH) vibration
band (main part in Fig. 22a). After the adsorption of Py, only the HF
part of the band for acidic lattice OH groups is perturbed and
disappears; this corresponds to the two-thirds of the lattice OH
groups that are located in the main channels. The lower-frequency
part of the band (spectrum n in Fig. 22a) can therefore be assigned
to the OH groups in the side pockets of mordenite.

CO is a small probe molecule that interacts with all acidic
sites wherever they are located in the pore system of morde-
nite.’”*%%* As discussed in Section 2, the strength of the
interaction of CO with acidic sites gives information on the
acidic strength. When CO is adsorbed on a clean and empty
zeolite, all the sites are measured together (inset in Fig. 22a).
When CO is adsorbed on mordenite with pre-adsorbed pyr-
idine, CO only measures the strength of H-bonding in small
side pockets, where pyridine cannot enter. The acidic strength
of the OH groups in the main channels can be obtained by
difference. Thus, by co-adsorbing Py and CO, the steric hin-
drance of pyridine allows the location of sites to be differen-
tiated and the acidic strength of OH in various locations to be
measured by CO. In particular, CO molecules interacting with
Bronsted sites in the main channel give rise to an IR band,
which upon an increase in the equilibrium pressure of CO
moves from 2180 to 2175 c¢m™ ', whereas those probing
Bronsted sites in the side pockets are characterized by 1(CO)
that shifts from 2171 to 2169 cm ™ *.°** A more recent and more
detailed analysis of mordenite was even capable of identifying
and measuring a third possible location for OH groups in the
window between the main channels and side pockets.®®*
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Fig. 22 Part (a) IR spectra in the ©(OH) stretching region of thermally activated H-mordenite before (curve a) and during adsorption of increasing
amounts of Py (curves b to n). Inset: IR spectra in the ©(CO) stretching region of thermally activated H-mordenite before (curve a) and during adsorption
of increasing amounts of CO (curves b to |). Vertical colored lines highlight the positions of the partially overlapping HF and LF components. *HOwc and
*HOsp represent Bransted sites in the main channel and side pockets, respectively. Adapted with permission from ref. 664, copyright American Chemical

Society, 2004. Part (b): Stick representation of the mordenite structure (MOR topology

165) projected along the [001] direction, showing possible locations

of internal Brensted sites. Sites B and C are located in the 12-membered ring main channel and are accessible to Py molecules (also drawn in ball-and-
stick representation), whereas sites A and A’ are located inside the side pocket and cannot be perturbed by Py. The colour code is as follows: Si or Al
(yellow), O (red), N (blue), C (dark grey), H (white). Dots outline the Connolly surface obtained with a probe molecule that is 2.8 A in diameter. Adapted

with permission from ref. 386, copyright American Chemical Society, 2003.
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5.4.2. Acetonitrile and substituted acetonitrile. (Deuterated)
acetonitrile is a small and versatile probe molecule. It can detect
LeWiS and Br@nsted Sites,4,136,137,146,177,198,202,317,668—673 and iS able
to locate sites in small pores, even side pockets of mordenite,**%7*
as shown in Fig. 22b. The size of the probe molecule can be
increased and tuned by introducing methyl or larger substituents
onto the methyl group of acetonitrile. An accessibility scale
was thus introduced by Busca by first using pivalonitrile
(2,2-dimethylpropionitrile)®”>%’® and then propionitrile, iso-
butyronitrile (2-methylpropionitrile), 2,2-diphenylpropionitrile,
benzonitrile, and ortho-toluonitrile.®”” The Genoa group used
that first accessibility scale to investigate external vs. internal
sites in many different zeolite structures. They showed that
bridged acidic OH groups only form inside the pore system
and not on the external surface, whereas aluminium atoms on
the external surface cannot form bridging OH Brensted sites and
are the origin of strong external Lewis acidity.

5.4.3. H-bonding: decrease of the interaction by steric
hindrance. Onida et al.?** have shown that large molecules
are limited in their H-bonding inside zeolites. The larger the
molecule, the larger is the deviation from the strength
expected. Using a series of weak bases with increasing size
and steric hindrance for the interaction of a probe molecule
with an acidic site is a possible measure of the accessibility of a
zeolite. The following molecules were employed in this study:
N, (0.31 nm), CO (0.34 nm), ethylene (C,H,4, 0.48 nm), propene
(C3Hs, 0.65 nm), benzene (C¢Hg, 0.72 nm), toluene (C,Hsg,
0.82 nm) and 1,3,5-trimethylbenzene (TMB, 0.88 nm). The
parentheses present the corresponding molecular cross-
sections and, when needed, the chemical formula or acronym
used to plot the data in Fig. 23.

As discussed in depth in Section 2.2 (see Fig. 4), the strength
of H-bonding between an acidic solid and probe molecules is
usually measured by a procedure similar to BHW plots,'%79%19°
comparing the shift in (OH) caused by adsorption of the probe
on the solid, AVpgnsiea(OH), with the shift that would be
observed on a reference material such as silica (open surface,
AUsgiica(OH)). On zeolites, large molecules deviate from the
expected linear plot for an open surface. In fact, the BHW
relation holds only if the base B is free to optimize its orientation
to maximize hydrogen-bonding interaction with the acidic site.
For a given zeolite topology, this assumption starts to be no
longer valid when molecular hindrance (defined as the largest
transverse molecular diameter) exceeds a given value related to
the zeolite pore dimensions. This is clearly shown in Fig. 23a-d.
As an example, Fig. 23a shows that in SAPO-40, which exhibits
large 12-membered rings along the [001] direction (6.7 A x
6.9 A),’® only benzene and TMB deviate from BHW linear
behavior. Analogously, for a given base B used to probe different
zeolitic frameworks, the hydrogen-bonding interaction can be
optimized in large-pore zeolites, whereas this may not be the
case in small-pore zeolites. This is the case with propene, of
which the spectroscopic data lie on the BHW line (dotted lines in
Fig. 23a-d) for SAPO-40 and ZSM-5 frameworks (parts a and b),
whereas they deviate slightly for MCM-22 (part c¢) and signifi-
cantly for Theta-1 frameworks (part d). This observation agrees
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with the topologies of the investigated zeolites, of which the
frameworks are illustrated in stick representation in Fig. 23e-h.
ZSM-5 exhibits a couple of interconnected 10-membered ring
pores running along the [100] (5.1 A x 5.5 A, sinusoidal) and
[010] (5.3 A x 5.6 A, linear) directions; MCM-22 possesses
a complex two-dimensional pore structure with sinusoidal
10-membered ring channels with elliptical ring cross-sections
of4.1 A x 5.1 Aand 4.0 A x 5.1 A; and Theta-1 has 1-dimensional
linear channels formed by 10-membered rings with an elliptical
cross-section of 4.6 A x 5.7 A.'®

Onida et al.®’® defined the percentage deviation (D) for each
molecule B as well as for each zeolite as follows:

[ATBronsied (OH)prw — [APBronsied (o) Exp
[ADBrznsted(OH)]BHW 7

D =100 (17)

where [AUgrgnseed(OH)Jrxp is the experimental shift (ordinate of
the scattered data in Fig. 23a-d) and [APgrensted(OH)]prw is the
expected shift in the case of absence of hindrance. The latter is
obtained as the ordinate at the corresponding Arg;jica(OH)
abscissa value of the linear fit obtained for the fraction of data
(see dotted lines in Fig. 23a-d and Table 7 for quantitative
values). D values that were computed for all IR experiments and
plotted against the molecular hindrance resulted in the plots of
Fig. 23e-h.

This study provides evidence that at more constrained acid
sites, the deviation from BHW linearity is more important.®”®
The validity of the measurement of acidity using large probe
molecules is therefore shown to be questionable, but an inter-
esting scale of “hindrance to the acid site” among zeolites has
been established (i.e., opposite to accessibility): SAPO-40 =~
ZSM-5 < MCM-22 < Theta-1. This is clearly seen in the plots
shown in Fig. 23e-h. Moreover, if care is taken to calculate the
slope of the BHW plot using only the fraction of data that are
not subject to hindrance problems, then a spectroscopic deter-
mination of the acidic strength can still be obtained, as shown
by the dotted lines in Fig. 23a-d and Table 7 for quantitative
values. From such data, the following scale of acidity emerges:
SAPO-40 < ZSM-5 =~ MCM-22. Unfortunately, no conclusive
estimation can be made for Theta-1, because the slope of the
BHW line has been obtained using only two pairs of experi-
mental data and resulted in a very large relative error to make a
conclusive comparison with the remaining three zeolitic systems.
Nevertheless, a quantitative result can in principle be obtained by
selecting other small molecules with different proton affinities.

5.5. Hierarchical zeolites: the accessibility index ACI

Hierarchical zeolites are now one of the main interests for
industrial applications of zeolites,®*°"°7°"7"%>* egpecially in
the field of oil refining and processing. The main feature of
interest in hierarchical zeolites is their increased accessibility to
the active site and reduction in diffusion limitations. Therefore,
the exploration of a reliable tool for comparing and quantifying
accessibility in hierarchical zeolites has become a key issue.

Py can be substituted with methyl groups to produce a
family of probe molecules that are often used to study the

This journal is © The Royal Society of Chemistry 2015
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Fig. 23 Parts (a—d): BHW plots (see Fig. 4 above and related discussion) referring to SAPO-40, ZSM-5, MCM-22, and Theta-1 zeolites, respectively,
obtained by taking the values for the isolated silanol on the surface of Aerosil (amorphous high-surface-area SiO,) as reference. Dotted lines represent
the best linear fits obtained for the fraction of data that obey the BHW linear correlation. Parts (e—h): Correlation between the deviation from the BHW
model defined according to eqn (17) and the molecular hindrance defined as the largest transverse molecular diameter of the probe molecule for SAPO-
40 (AFR topology), ZSM-5 (MFI topology), MCM-22 (MWW topology), and Theta-1 (TON topology).t®® Parts (e—h) also show graphical stick
representations of the corresponding zeolite structure with the corresponding unit cell and crystallographic a, b and ¢ axes (when not along the
viewing direction). Si or Al atoms (yellow) and O atoms (red). The zeolite structures are new graphical materials, whereas all the remaining items have
been adapted with permission from ref. 211, copyright American Chemical Society, 2002.

location of sites inside or outside zeolite pores: pyridine (Py,
~6 A, entering 10-MR but not 8-MR), lutidine (Lu, 2,6-dimethyl-
pyridine, ~7 A), collidine (Coll, 2,4,6-trimethylpyridine, 7-8 A,
entering 12-MR) and di-tert-butylpyridine (DTBPy, 2,4-di-tert-
butylpyridine, not entering 12-MR openings). By increasing the
size of the probe molecule, it is possible to tune the size of the
pores under investigation. The fairly small Py does not penetrate
the small side pockets of mordenite but will enter any other
larger pore system, whereas larger molecules, such as Coll®® or
DTBPy,**> will only come in contact with the external surface of
many hierarchical zeolites.

The co-adsorption of carbon monoxide and a series of
substituted pyridines was used to measure accessibility in
progressively dealuminated mordenites.®”®%*® The largest
probe molecule (DTBPy) was adsorbed first, followed by the
others in decreasing order of size to finish with CO, which is

This journal is © The Royal Society of Chemistry 2015

one of the smallest possible probe molecules. On the parent
sample, only Py and CO entered the pore system, with two-
thirds of the sites accessible to Py and one-third only accessible
to CO, as expected from the main channels-side pockets ratio
for lattice OH groups (see Fig. 22b for a view of the mordenite
structure). During the progressive dealumination process,
mesopores were created and accessibility was progressively
increased. Thus, larger probes like Coll, Lu or even DTBPy
could make their way to the acid sites in the pores, leaving
increasing fewer adsorption sites for CO only (Fig. 24). Quantities
can be determined using the molar absorption coefficients for
Bronsted or Lewis sites. The authors used épronstea (1545) =
1.02 ecm pmol " and ey ewis(1454) = 0.89 cm pmol ' for Py; for
Coll, eprpnstea(1632-1648) = 10.1 cm pmol ', as determined on
dealuminated mordenites;*”***® and for Lu, &1cyis(1609-1617) =
4.4 ecm pmol ™, epronstea(1643-1655 + 1627-1630) = 6.8 cm pmol ?,

Chem. Soc. Rev., 2015, 44, 7262-7341 | 7293
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Table 7 Summary of the best linear fits obtained for the fraction of
Algronsted(OH) VS, ADperosi(OH) data shown in Fig. 23a—d that lie on the
BHW line for the different zeolites. Due to the low number of available
pairs of shifts in experimental frequency (4 for SAPO-40 and ZSM-5, 3 for
MCM-2 and only 2 for Theta-1), the data for the unperturbed systems
(ATgronstea(OH) = 0 cM™% Abperosi(OH) = 0 cm™) have been added to all
fits. Previously unpublished table analyzing data reported in ref. 211. These
data cannot be directly compared with those reported in Table 2 because
the reference shift has been taken from different materials: high-surface-
area amorphous Aerosil in the present case and external silanols of the
same zeolite in the study of Pazé et al.'*®

System Slope Intercept (cm™") R

H-SAPO-40 3.37 £ 0.11 -7 £ 10 0.9956
H-ZSM-5 3.65 + 0.13 -5+ 12 0.9953
H-MCM-22 3.77 £ 0.14 -8+ 10 0.9959
H-Theta-1 3.53 £ 0.26 -8+ 15 0.9891

Fig. 24 Co-adsorption of a series of substituted pyridines and CO on
increasingly dealuminated mordenites. On the parent zeolite (denoted as
SP), 2/3 of acid sites are accessible to Py and 1/3 remain for CO. On the first
dealuminated mordenite, DeAlSP, the accessibility to Py increases to 80%,
leaving only 20% for CO. During progressive dealumination to the sample
DeAlSP3, the accessibility increases for larger probes such as Lu, Coll and
DTBPy to eventually reach 85% accessibility to DTBPy, leaving 11% for Coll,
4% for Lu, and nothing for smaller molecules. Reproduced with permission
from ref. 679, copyright Elsevier, 2004.

as determined on various solids.®®" It should be noted that the
values for various ¢ can differ from one experimental system to
another, as will be explained in Section 6, and the values used here
appear reasonable in view of the rest of the literature.

Substituted pyridines were adsorbed and co-adsorbed with
CO to confirm the extreme accessibility of bridged acid sites in
delaminated MFI zeolites.®® All the acidic sites were shown to
be in close proximity to the external surface or to be located in
pore mouths. A careful and detailed analysis of the adsorption
and transport of benzene and cyclohexane in various hierarchical
ZSM-5-based materials confirmed that strong Brgnsted sites are
only located in micropores, and showed that the structure and
acidity in micropores were preserved during the creation of
mesopores.®*°

A reliable tool for comparing and quantifying accessibility in
hierarchical zeolites was made available with the accessibility
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Fig. 25 Changes in ACI for Py, Lu and Coll on a series of progressively
desilicated H-ZSM-5 (from A to D). Upon desilication, the mesopore
surface area and volume of the samples increase and the micropore
volume decreases. At the same time, changes in ACI for bulky molecules
(Lu and Coll) show the increase in accessibility of the samples. Previously
unpublished figure summarizing data reported in ref. 630.

index (ACI). The accessibility index for a given probe molecule
is the number of sites detected by that particular probe, divided
by the total number of sites.®*° The total number of sites can be
the number that is expected theoretically (for example, based
on chemical analysis of Al) or measured with a probe that
reaches all possible sites, such as CO or pyridine, depending on
the type of sample. The first series of probe molecules for
measuring ACI were substituted alkylpyridines of different sizes
(Py, Lu and Coll). It was applied to hierarchical ZSM-5 crystals
that were prepared by selective extraction of silicon from a
parent commercial sample in an alkaline medium (desilica-
tion). The samples exhibited different degrees of intracrystal-
line mesoporosity. The accessibility index for pyridine, ACI(Py),
did not change in the series containing increasing amounts of
mesopores and was already above 0.9 for the parent sample, as
expected. An increase in ACI(Lu) was noticed upon the intro-
duction of mesopores and this increased from ca. 0.5 for
the parent sample to nearly 1 for a highly mesoporous sample.
The value of ACI(Coll) also changed noticeably, progressively increas-
ing from nearly 0 for the parent sample to ~ 0.4 for the final sample.
ACI is a powerful tool for standardizing the accessibility of acid sites
in zeolites and can be used to rank the effectiveness of synthetic
strategies towards hierarchical zeolites (mesoporous crystals, nano-
crystals, and composites) (Fig. 25).

Other probe molecules were used for measuring ACI
depending on the type of sites measured, for example substi-
tuted nitriles for the quantification of accessible Lewis sites.®*!

6. Determination of the absorption
coefficients of the IR modes: combined
IR and microgravimetric experiments
6.1. Basic definitions

Infrared spectroscopy is a quantitative tool in homogeneous systems

and the Beer-Lambert law®*>°® is used to measure the amount of

This journal is © The Royal Society of Chemistry 2015
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species under investigation in liquids and gases. The same is very
often assumed to be true in transmission spectroscopy on a pellet
(wafer), and IR is commonly used to determine the number of
surface species on powders. This enables the determination of the
amount of probe molecules on the surface and therefore the amount
of adsorption sites: acidic or basic sites and accessible metallic sites.

The Beer-Lambert’s law describes the attenuation of light
through a sample:

(%) = ]IO((I;)) _ e K(0)ed (18)

where T(7) is the transmittance, I(?) is the intensity of trans-
mitted light, I(¥) is the intensity of incident light on the
sample, d is the thickness of the sample (wafer) (in cm), ¢ is
the concentration of absorbing species (in mol dm™*), and ()
is the molar absorption coefficient (in mol ' dm® cm ™) at a
given frequency (2). This law can also be written for optical
density (A(7) or absorbance):

A@D) = &(9)cd, (19)

where ¢'(7) is the molar absorption coefficient (in mol " dm* ecm™")
and ¢'(7) = k(7)/2.3. The amount of species that interact with the
light beam is c¢d, and the following formula is used for the
commonly used pellets:

d = — 20

=% (20)
where n is the number of absorbing species in the pellet (in
umol) and S is the area of the pellet (in cm?). From eqn (19) and
(20) the following equation is obtained:

A(D) = &'(9) [10° nJS] — &) = A@)[10™ S/n]  (21)

In the following section, we will refer to the molar absorption
coefficient ¢'(7,) of a given vibrational mode of a given adduct
that occurs at a given wavenumber 7,; thus, when there is no risk
of ambiguity, we will refer to it simply as ¢. Depending on
authors, and to simplify formulas, the units of ¢’ can commonly
be mol ' dm® em ™! or mol~* em?, which differ by three orders of
magnitude. For quantitative evaluations, both maximum absor-
bance and integrated area can be used for measuring a band.
The latter is much more sensitive to baseline perturbations, but
much less sensitive to differences in temperature, resolution, or
most other perturbations of vibrator. The integrated area I(7,) of
a given IR band that absorbs at 7, is expressed in cm ™', and the
integrated molar absorption coefficient ¢(7,) is given as follows:

£(70) = () [10"° S/, (22)
which is consequently expressed in cm mol " or more com-
monly in cm pmol ™.

6.2. Selected examples

The key to quantitative measurements is thus the determination
of ¢, the (integrated) molar absorption coefficient for a given
absorption band of a given (adsorbed) species. The simplest and
oldest method for the determination of the integrated molar
absorption coefficient is by introducing known amounts of a

This journal is © The Royal Society of Chemistry 2015
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probe molecule into the cell and following the progressive
change of the band under investigation, with the assumption
that all the probe molecules are chemisorbed on the sample, at
least for the first doses introduced. In fact, for the first few doses,
there is a linear relationship between the amount introduced
into the cell and the change in intensity for bands of surface
species on the solid. The integrated molar absorption coefficient
is then the slope of the straight line obtained (see Fig. 26a).
When most of the adsorption sites are saturated, some of the
adsorbed probe molecule is only physisorbed and a plateau is
progressively observed.®®”°®*"°% The data shown in Fig. 26 refer
to the dosage of progressive and carefully calibrated amounts of
Py onto H-mordenite.®®” The first dosages of Py only affect the
HF 1(OH) component (Fig. 26b). Py molecules that interact with
the Bronsted sites in the main channel are protonated according
to the reaction ZycH: - -Py — Zyc - - -PyH' (MC = main channel,
see Section 2.2 above), as shown by comparison with the typical
PyH' component at 1545 cm ™. From the data shown in Fig. 26,
Maache et al.°®” determined that the amount of Py necessary to
completely remove the HF component is 5 pmol (point C and
spectrum C in parts (a) and (b) of Fig. 26, respectively). Above
this amount of dosed Py, the curve in Fig. 26a indicates that a
fraction of the additional Py is not protonated. This is due to the
fact that additional Py molecules have to interact with Brgnsted
sites hosted in the side pockets, where hindrance problems
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Fig. 26 Part (a): Variation of the intensity of the pyridinium complex
formed on the Brensted sites hosted in the main channel (IR band at
1545 cm™%, red open circles and right ordinate axis) and of the proportion
of correspondingly affected Bransted ©(OH) (complex IR band initially at
3610 cm ™, blue full triangles and left ordinate axis) with the amount of Py
introduced into H-mordenite (activated at 723 K). The latter has been
defined as 100 x [/(dose 0) — /(dose x)]//(dose 0). Point C corresponds to
the complete disappearance of the HF ©(OH) band due to Brensted sites
hosted in the main channel of mordenite (Fig. 22). The slope of the dot-
dashed line implies that &(1545) = 1.8 cm pmol™™. Part (b): Selection of IR
spectra showing the effect of increased amounts of adsorbed Py on the
complex ©(OH) band of acidic Brensted sites and the deconvolutions
performed to quantitatively separate the HF and LF components. Adapted
with permission from ref. 667, copyright Elsevier, 1995.
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prevent the formation of a fully optimized H-bond (see Section
5.4.3). Indeed, as already discussed in Section 5.4.1 (see Fig. 22),
the small 8-membered ring windows (free diameter of ca.
0.39 nm), which give access to the side pockets, limit the strength
of the H-bonding interaction, resulting in a coordination reaction:
ZspH + Py — ZgpH- - -Py (SP = side pocket). From the slope of the
straight line obtained when plotting the intensity of the pyridinium
band versus the amount of pyridine introduced, Maache et al.*®’
deduced that the integrated molar absorption coefficient for the
PyH" band £(1545) = 1.8 cm pmol ", The same value was measured
by Khabtou et al>** for the band resulting from the formation of
Zsc - -PyH" adducts in the supercage (SC) of Y zeolite.

It is well known that with solids, calibration curves are
necessary, and that the Beer-Lambert’s law is not always valid
(especially with H-bonds). However, huge differences were
observed between values reported by the different laboratories
working in this domain. This was often attributed to a poor
description of the experimental approach.’* Morterra et al.
questioned the whole approach and made a thorough examination
of the adsorption of methanol on various samples of silica. They
reproduced an adsorption isotherm in a spectrometer (optical
adsorption isotherm) and in a gas volumetric apparatus connected
to a heat flow microcalorimeter.®®”**® They showed that, although &
is in the same range for solids as for liquids, it can greatly vary from
one solid to another for the same adsorbed species. The geometry
and physical properties of the sample have a large influence: the
thickness of a wafer (5 mg cm ™ is very different from 30 mg cm™?),
pressure during formation, particle size, and all parameters that
influence the optical path and diffraction and scattering of light in
the sample (e.g. specific surface area and morphology of the
particles) will affect the apparent ¢ It then became clear that
integrated molar absorption coefficients had to be measured for
each sample and each type and size of wafer.

The accuracy of volumetric measurement in an infrared cell
was also questioned, and the intensity of infrared bands for
adsorbed species at saturation was compared with the amount
of sites that was expected based on chemical analysis.®”®
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However, by measuring the weight of probe species adsorbed
on the solid and by plotting that value versus the intensity of the
corresponding infrared bands, the greatest accuracy was obtained.
This was first achieved by reproducing the same adsorption and
temperature-programmed desorption experiments (under the same
pressure and temperature conditions with the same waiting time
for diffusion) in a microbalance and an infrared cell.>*******" In a
second step, and to be sure that conditions were rigorously the
same, the experiment was performed in a combined experimental
set-up by in situ gravimetry with a MacBain balance inside an
infrared spectrometer.®®

In an improved set-up developed in Caen, a sample inside
an infrared cell was attached by a platinum wire to the beam of
a microbalance; its weight (ca. 20 mg) was measured with 1 pg
accuracy during adsorption and desorption experiments.*?
With this set-up, qualitative as well as quantitative information
are obtained simultaneously by combining thermogravimetry
and operando IR spectroscopy with online mass spectrometry
(see Fig. 27a). The weight (and therefore the number of
adsorbed probe molecules) and IR spectra of a solid sample
can be measured simultaneously in real-time operando conditions in
a gas flow at a temperature between room temperature and 773 K.
Integrated molar absorbance coefficients ¢ can consequently be
obtained directly. This approach was used to study the quantitative
infrared response of adsorbed water and ammonium ions in NH,"-Y
zeolite during calcination. Online analysis of gases exiting the
cell was performed by mass spectrometry (MS), shown as the
black curves (left ordinate axis) in Fig. 27b. The desorption of
water alone was observed first, during which the infrared
spectrum of ammonium ions was fundamentally modified, moving
from 1643 to 1455 cm ' (Fig. 27c), but the corresponding inte-
grated molar absorption coefficient for the whole band not was not
modified, which was found to be £(1643-1455) = 12 + 1 cm pmol "
Conversely, due to strong H-bonding between water molecules, the
integrated molar absorption coefficient of the bending mode of
water was water coverage-dependent, varying in the 1-4 cm pmol *
interval.*?
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Fig. 27 Part (a): General view of the integrated IR-microbalance system (AGIR set-up), consisting of a Setaram microbalance B Setsys (1); telescopic
column (2); IR cell-balance link (3); IR cell support (4); IR cell/operando reactor (5); and support and spectrometer base plate (6). Part (b): Data recorded
vs. temperature during the calcination of NH,4-Y zeolite under a flow of Ar (heating ramp from 300 K to 660 K at 3 K min~%). Black curves (right ordinate
axis, MS data) show the relative intensity of m/z = 18 (water) and m/z = 15 (ammonia, intensity x 100); the red curve (left ordinate axis, microbalance data)
shows the weight loss of the sample (activated weight = 20 mg). The experiment can be divided into 3 steps: A: desorption of water alone, B: desorption
of both water and ammonia, and C: desorption of ammonia alone. Part (c): IR spectra in the bending region of water and ammonium recorded during the
experiment shown in part (b), taken every 5 min. (from a to s): The bands of the §(H,O) and §(NH) modes are visible at 1643 and 1455 cm™?, respectively.
The latter moves downward to 1428 cm™ once water is totally desorbed (step C in part (b)). Adapted with permission from ref. 42, copyright the Royal
Society of Chemistry, 2010.
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By comparing the results obtained in this so-called AGIR set-
up (shortform for analysis by combined gravimetry and IR) with
those obtained in a glass cell by usual volumetric dosing, it was
shown that, depending on the vapor pressure of the probe
molecule and its affinity for glass and gaskets, the results could
be markedly different from one cell to another. Phenol, for
example, has a very low vapor pressure and is adsorbed on the
cell walls at the same time as it is chemisorbed on oxide
samples. The measurement of its molar absorption coefficient
was very difficult and unreliable with a conventional approach.
When measured by AGIR, it was two orders of magnitude greater
than the value that was approximately measured volumetrically in a
glass cell.*° Thus, not only do the physical optical properties of the
solid influence the absorption coefficient, but the results can also
be greatly influenced by the geometry of the infrared cell employed,
and simultaneous in situ gravimetric measurements must be made
to calibrate quantitative infrared experiments with adsorbed species
on oxides and zeolites.

This experimental set-up works in vacuo or (preferentially)
under a gas flow, and can therefore be used to measure the
weight of a catalytic sample together with its infrared spectrum
under reaction conditions; it is thus perfectly adapted for
operando studies.

7. Determination of the adsorption
enthalpies and entropies: variable-
temperature IR experiments

In the last decade, infrared spectroscopy has been widely used
to determine the thermodynamics of molecular adsorption on
internal sites of zeolites, mainly by the groups of Tsyganenko
(Saint Petersburg, Russian Federation), Otero Arean (Palma
de Mallorca, Spain), Garrone (Turin Polytechnic, Italy) and
Zecchina (Turin University, Italy) on the experimental side
and by the group of Nachtigall (Prague, Czech Republic) on
the computational side,'”'3%?747281,2837285288,691-721 1 pyrief,
the technique is based on displacement of the equilibrium
between molecules in the gas phase and those adsorbed on a
given type of surface site, which is carried out by changing the
temperature 7 of the system, as shown in Fig. 28a for CO
adsorbed on chromocene (Cp,Cr) hosted inside a polystyrene
(PS) porous polymeric matrix.

Surface_site + (Molecule)y,s = Surface_site_(Molecule)aqsorbea
(23)

0(T) is defined as the fractional occupation of a given
surface site:

O(T) = Noce(T)/Neor oc exp(—AH/kgT) (24)

where N, is the total number of surface sites, Noc.(T) is the
number of sites occupied by the molecule, and its dependence
on T is driven by third-order proportionality; —AH® is the
adsorption enthalpy, i.e. the variation in enthalpy that occurs
during the adsorption process from the gas phase to the
formation of the surface molecular adduct (23), and kg is

This journal is © The Royal Society of Chemistry 2015
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Fig. 28 Examples of adsorption enthalpy determined for the same system
by VTIR, parts (a—c), and by standard microcalorimetry, parts (d and e).
FTIR spectra in the ©(CO) region (part a) and in the region of Cp modes
(part b) of the Cp,Cr---CO/PS system as a function of the CO coverage,
tuned by varying the sample temperature. Green, blue and red curves indicate
spectra collected at T = 315, 300 and 288 K, respectively. The black curve
indicates the spectrum collected before dosage of CO. All spectra are
background-subtracted. Part (c): Dependence of In(K) = In{(M)/lIm —
I(M(p/po)l} as a function of (1/T) for adsorption of CO on the Cp,Cr/PS
system, see egn (30) and (31). The enthalpy of formation of the Cp,Cr---CO
complex is also shown with the statistical error associated with the linear fit.
Part (d): Primary (open squares) and secondary (solid circles) absolute volu-
metric isotherms obtained for the adsorption of CO on Cp,Cr/PS at 303 K as
a function of the equilibrium pressure P.. Part (e): Dependence of the
differential molar heat of adsorption ggr on CO coverage. Adapted by
permission of the Royal Society of Chemistry (copyright 2009) from ref. 734.

the Boltzmann constant (ks = 1.3806 x 10 >* J K™ ' = 8.6173 x
107° eV K '). From eqn (24), it emerges that 6(T) will increase
with a decrease in T and vice versa.

Once adsorbed on the surface, the molecule gives rise to a
peculiar IR band that reflects the perturbation induced by the
surface site. More peculiar bands are obtained in the event that
the probe molecule is more complex than a simple diatomic
molecule. The integrated area of such bands, I(7), provides a
direct measurement of the number of occupied surface sites at
a given temperature 7, which can be measured quantitatively as
a fraction of total surface sites once data collection has been
performed at a sufficiently low temperature to achieve total
occupancy (0 = 1) of the surface sites. Experimentally speaking,
0 =1 is reached once a further decrease in T'will not result in an
increase in I(T); such an area is defined as Iy. In such a way,
the surface coverage at any temperature is simply obtained as
0(T) = I(T)/Iy. A detailed description of the thermodynamic
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relations related to VTIR spectroscopy enabling the determina-
tion of accurate AH” and AS° values of the adsorption process is
reported in Section 7.1, whereas in this introductory section
only qualitative aspects will be discussed.

Usually the adsorption enthalpy is measured by the
isosteric ~ method”'”7**7>>  or by  microcalori-
metry’168,170,266,336,405,537,600,716,722,7267733 bOth are Wldely
employed in the investigation of molecular adsorption in zeolites.

Isosteric method is applied to at least two isotherms at
different temperatures, which must not be very far apart
(typically AT = ~10 K). Whenever possible, more than two
isotherms should be measured and the plot of In(P) versus 1/T
should be checked for linearity. The isosteric method is very
sensitive to any error in the measurement of the equilibrium
pressure, and particular care must be taken when applying the
isosteric method at surface coverage of 0 < 0.5. In spite of these
limitations, the accuracy of the method improves as the pressure
is increased; this is unlike calorimetry, which tends to become
less accurate at higher pressures.”*

Microcalorimetry requires that a carefully weighed amount
of activated sample is loaded in a calorimeter, whose temperature
is kept fixed during the experiment. A small amount of probe is
dosed onto the sample and the number of adsorbed mmol (A7,45)
is obtained via an accurate measurement of the equilibrium
pressure (P.) and from an accurate knowledge of the expansion
volume (V) according to the following equation:

Anads = Andosed - (PeV)/(kBT), (25)

where Angeseq 1S the number of mmol dosed onto the sample,
Wthh iS known from the experiment 168,170,266,336,405,537,600,729,730
The calorimeter measures the energy release AQ due to the
adsorption of An,qs mmol of gas; thus, the adsorption enthalpy
is obtained as follows:

—AH° = qdiff = AQ/AnadS. (26)

When the heat signal from the calorimeter becomes zero and
the pressure is constant, equilibrium is reached and a new dose
Angosea can be added to the sample. Note that depending on the
system, the time needed to reach equilibrium may range from
minutes to hours. Fig. 28d shows the primary and secondary
volumetric isotherms for CO adsorbed on Cp,Cr/PS, which
show the integrated number of adsorbed mmol (72,45 = > Anaqs)
as a function of the equilibrium pressure P.. The equivalence of
the two isotherms reflects the absence of irreversible adsorp-
tion in this system. Fig. 28e presents the calorimetric isotherm,
which shows the differential heat of adsorption as a function of
the coverage. This example reported by Groppo et al.”®* is
relevant because it is one of the few studies where both
standard microcalorimetric and spectroscopic VIIR methods
were applied simultaneously to the same system, allowing the
equivalence of the two approaches to be appreciated. Besides the
first point, which is always related to some more energetic defect
sites, all the remaining points of the primary and secondary
calorimetric isotherms lie between 54.1 and 46.5 k] mol ™" (see
Fig. 28e); these values are in excellent agreement with the value
of 48.4 k] mol ' obtained by VTIR, as shown in Fig. 28c.
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The VTIR approach has two main advantages with respect to
standard calorimetry methods, for example the isosteric method and
microcalorimetry described above. VTIR is in fact site-specific (the
value obtained is not averaged over different adsorption sites, as
with most calorimetry methods) and also allows determination of
the enthalpy of adsorption for molecules with a very low interaction
energy, for which cryogenic temperatures need to be used. For this
reason, VIIR has been particularly relevant for investigating weakly
bonded adducts in zeolites such as those formed by adsorption of
H,, Ar, O,, and N, probes. Section 7.1 deals with a concise but
rigorous approach to the thermodynamics underlying the VTIR
methodology, whereas Section 7.2 is devoted to the description of
a few selected examples.

Obviously, VTIR technique requires the development of
specific IR cells that allow the activation of the zeolite, dosage
of the desired probe molecule and accurate tuning of both the
equilibrium pressure and the sample temperature. This is the
case with the cell developed by Tsyganenko et al.®* in Saint
Petersburg, which allows a precise control of the sample
temperature to as low as liquid-nitrogen temperature, and of
that developed by Spoto et al. in Turin University, which works
at temperatures as low as liquid-helium temperature.®®

7.1. VTIR: theory

At any given temperature T, the integrated intensity, I(T), of the
IR absorption band of a molecule adsorbed on a surface site is
proportional to surface coverage 0, thus giving information on
the activity (in the thermodynamic sense) of both adsorbed
species and empty adsorbing sites. Simultaneously, the equilibrium
pressure (p) performs the same function for the gas phase.
Therefore, the corresponding adsorption equilibrium constant,
K, can be determined. The variation of K with temperature leads
to the corresponding values of adsorption enthalpy and entropy.
Assuming Langmuir-type adsorption, we obtain the following

equation:17’3g’735’736

0(T) = I(T)/v = K(T)(plpo)/[1 + K(T)(plpo)]  (27)

where Iy stands for the integrated intensity corresponding to
full coverage (0 = 1) and p, is the reference pressure (usually
taken as 1 Torr or 1 mbar, whereas in a few cases some authors
have chosen 1 bar, vide infra). By inverting eqn (27), the
equilibrium constant K(7) can be obtained as follows:

1(T)
[ = 1(T))(p/Po)

The combination of eqn (28) with the well-known van’t Hoff
eqn (29)

K(T) = (28)

K(T) = exp(—AH°/RT) exp(AS°/R) (29)

leads to eqn (30):'7%73¢

I(T)
[ = 1(T)](p/po)
where R is the gas constant (8.314 ] K~' mol™') and —AH° and

AS° are the variations in enthalpy and entropy that occur during
the adsorption process from the gas phase to the formation of

In — (—AH°/RT) + (AS°/R),  (30)
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the surface molecular adduct, as shown in eqn (23). By defining
Y = In{I(T)/[(Ine — I(T))(p/po)]}, eqn (30) becomes

Y = (—AH°/R)T " + (AS°/R). (31)

Eqn (31) is the equation of a straight line in the (¥, 7~ ") plane;
thus, different pairs of (Y; T; ') values obtained by VTIR
experiments at different temperatures will allow the derivation
of both AH® and AS° values through a standard linear fit
procedure, with AH” related to the slope of the line Y and AS”®
related to its intercept with the ordinate axis, as shown in
Fig. 28c. Obviously, this approach assumes that both AH° and
AS° are independent of temperature.

It is now worth discussing the effect that a different choice
of po has on the AH° and AS° values derived by this method.
Note that AH® and AS° are differences in two thermodynamic
functions (H and S) between two states: the adsorbed state where
the molecule is adsorbed on the surface and the reference state
where the molecule is in the gas phase. From eqn (30), it
emerges that by changing from p, to p,’ the left-hand side of
eqn (30) will change by a constant value of In(p/po’). This
change will not affect the slope of the Y line; thus, an arbitrary
choice of p, does not affect the AH” value extrapolated from the
VTIR data. Conversely, it will change the intercept with the
ordinate axis and thus the extrapolated AS°® value by a factor of
RIn(py/py’).”**”*” This makes sense because, for an ideal gas, H
does not depend on p, whereas S does. It is obvious that a change
in the reference pressure p, will affect the entropy of the
reference gas phase and so the extrapolated value of AS°. As a
consequence, when discussing AS° values reported in the litera-
ture from different authors, attention must be paid to the
adopted reference value of p,. Changing the reference pressure
Po from 1 mbar to 1 Torr (1.32 mbar) will result in a change in
AS° of RIn(1.32) = 2.28 J K~* mol™'; however, changing from 1
Torr to 1 atm (760 Torr) will result in a change of RIn(760) =
55.15 ] K* mol *.73®73" Because the error associated with
the determination of AS° by the VTIR method is about
+10 ] K* mol™ ' (Table 8), literature values obtained using
Po =1 mbar can be, at a first approximation, directly compared
with values obtained using p, = 1 Torr, whereas a correction of
55.15 ] K~ ' mol ! must be applied when comparison is made
with values obtained using p, = 1 bar.”**7%’

7.2. VTIR: examples

7.2.1. Adsorption of Ar, H,, O,, N, and CO on H-Na-Y
zeolite. Gribov et al."** investigated the adsorption of Ar, H,,
0,, N, and CO on H-Na-Y zeolite (Si/Al = 2.9; H"/Na" = 5) by
means of VTIR in the temperature range of 90-20 K and
pressure range of 0-40 mbar. Two pressure regimes were
selected, characterized by (a) specific interaction at low pres-
sure of the probe molecules with internal Brensted and Lewis
sites and (b) multilayer adsorption at higher pressure. In this
review we will focus on regime (a) only. When a probe molecule
(B) is adsorbed on a Brensted site hosted in a zeolitic frame-
work, there are three independent ways of calculating the
adsorption enthalpy from VTIR data. This is achieved by study-
ing the dependence of (i) the intensity of the 1(OH) band of free
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HF Brensted groups in the supercage (Z-OH, decreasing upon
an increase in 0, as shown in Fig. 29a); (ii) the intensity of ©(OH)
of perturbed HF Brensted groups (Z-OH- - -B increasing upon
an increase in 6, as shown in Section 2 and Fig. 29a); and (iii)
the intensity of the stretching vibration band of the adsorbed
base (when possible, see Fig. 29b) upon T. Eqn (31) has been
used to plot the three sets of experimental data (Fig. 29¢) and
the AH” and AS° values extracted from the corresponding linear
fits are equivalent, within the error bars. A significant differ-
ence in the slope (and therefore in AH®) is evident from a
simple inspection of the data referring to CO (open squares), N,
(open circles), O, (crosses), Ar (open stars) and H, (open
diamonds) molecules adsorbed on H-Na-Y, which are plotted
in Fig. 29d together with the corresponding best linear fits.
Quantitative values for —AH® are 11.4 (H,), 14.8 (0,), 15.2 (Ar),
22.2 (N,), and 30.6 (CO), in kJ mol~*,"** as shown in Table 8.

7.2.2. Discrimination between two different adsorption
sites for CO on Na-ferrierite zeolite. As anticipated above, the
greatest advantage of the VTIR technique versus standard
microcalorimetry and isosteric heat of adsorption measurements
lies in its site selectivity. A typical example where this advantage has
been exploited is reported in the joint experimental and theoretical
study of Arean and Nachtigall.”*® Fig. 30a shows the VTIR spectra of
the adsorption of CO on Na-ferrierite zeolite with a Si: Al ratio of
8:1. Two IR bands are clearly observed at 2175 and 2158 cm ™,
which are due to the presence of two families of adsorption sites.
The weak IR absorption band observed at 2113 cm™ " is due to a
minority of CO molecules interacting through the oxygen atom
with a single Na* cation.”®® This species is no longer discussed in
this section as Section 7.2.3 will be devoted to it.

Periodic DFT calculations allowed the authors to attribute
the former band to CO molecules that interact with a single Na*
cation through the carbon end (see Fig. 30c) and the latter band
to CO molecules that interact with two adjacent Na' cations
through both ends (see Fig. 30d). Accurate band deconvolution
was used to separate the integrated areas of the two compo-
nents in all the series of spectra shown in Fig. 30a, allowing the
authors to use eqn (31) for the two separated datasets, and thus
to obtain —AH® = 30 and 35 kJ mol™* for the Na"---CO and
Na'---CO---Na" complexes, respectively. It is evident that standard
microcalorimetry and isosteric heat of adsorption measurements
would have provided only averaged values in this case. Periodic
DFT calculations further supported the energetic values derived
from VTIR: the computed values of —AH” were found to be 29 and
32-35 kJ mol " for the Na'---CO and Na'---CO---Na" complexes,
respectively, as shown in Table 8.

Table 8 summarizes the adsorption enthalpies, entropies
(when available) and wavenumbers of the measured IR bands
for relevant examples of molecular adsorption on Brensted and
Lewis acidic sites in zeolitic frameworks as determined by
VTIR, which could not be discussed in detail for the sake of
brevity. When referring to the same system, a few —AH" values
obtained via other experimental approaches (or DFT calcula-
tions) are also reported for comparison. Fig. 31 summarizes
some correlations between the —AH°, —AS°, 7(HH) and 7(CO)
values obtained by VTIR experiments for the adsorption of
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Table 8 Summary of relevant adsorption enthalpies (—AH"®), entropies (—AS°) and wavenumbers of the measured IR bands () for molecular adsorption
on Brensted and Lewis acidic sites in zeolitic frameworks as determined by VTIR. When provided by the original studies, the corresponding uncertainties
have also been reported. For comparison, some results obtained for adsorption by microcalorimetry (uCal), isosteric heat of adsorption (Qisost),
chromatography pulse (CP) and periodic DFT (pDFT) techniques are also reported. NR = not reported; NM = not measurable. Some correlations between
the values reported in this table are shown in Fig. 31. Previously unpublished table analyzing data are reported in the references quoted in the last column

Probe Zeolite, site Method 7 (em™) —AH° (k] mol ™) —AS° (J K ' mol ™) Ref.
H, H-Na-Y, Bronsted site in supercage VTIR 4115 11.4 NR 154
H, Li-FER, Li" site VTIR 4090 4.1+ 0.8 57 £ 10 704
H, Li-ZSM-5, isolated Na" site VTIR 4092 6.5+ 0.5 90 + 10 275
H, Na-FER, Na' site VTIR 4100 6.0 £ 0.8 78 £ 10 274
H, Na-ZSM-5, isolated Na" site VTIR 4101 10.3 £ 0.5 121 £ 10 275
H, Na-ZSM-5, isolated Na" site VTIR 4100 11 NR 702
H, K-FER, K" site VTIR 4111 3.5£0.8 57 £10 274
H, K-ZSM-5, isolated Na" site VTIR 4112 9.1 £ 0.5 124 £+ 10 275
H, Mg-Na-Y, Mg>" site in supercage VTIR 4056 18.2 £ 0.8 136 + 10 706
H, Mg-X, Mg>" site in supercage VTIR 4065 13 + 0.8 114 £+ 10 738
H, Ca-A, Ca’’ site VTIR 4083 12+1 121 + 10 739
H, Ca-Na-Y, Ca" site in supercage VTIR 4078 15+1 127 £ 10 710
H, Ca-X, Ca®' site in supercage VTIR 4082 11+1 118 + 10 712
N, H-Y, Brgnsted site in supercage VTIR 2334 15.7 £ 0.8 121 £+ 10 708
N, H-Na-Y, Bronsted site in supercage VTIR 2336 20.2 NR 154
N, H-ZSM-5, Brgnsted site VTIR 2331° 19.7 £ 0.5 125 £ 5 697
N, H-FER, Bronsted site VTIR 2331¢ 19.1 + 1.0 131 + 10 707
N, H-fB, Bronsted site VTIR 2333 19 £1.0 140 + 10 715
N, H-MCM-22, Bronsted site VTIR 2332 14.5 + 2.0 105 + 10 721
0O, H-Na-Y, Bronsted site in supercage VTIR 1553 14.8 NR 154
Ar H-Na-Y, Bronsted site in supercage VTIR 3616” 15.2 NR 154
CO H-ZSM-5, Bronsted site VTIR 2173 29.4 + 0.8 148 + 10 708
CcO H-ZSM-5, average of all sites pnCal NM 27 NM 728
CO H-Y, Bronsted site in supercage VTIR 2173 25.6 161 693
CcO H-Na-Y, Bronsted site in supercage VTIR 2162 30.6 NR 154
CcO H-FER, Bronsted site VTIR 2172 28.4 £ 0.8 147 £ 10 708
(6f6] H-FER, Bronsted site VTIR 2173 28.4 + 1.0 145 + 10 719
CcO H-fB, Bronsted site VTIR 2174 27 £1.0 150 + 10 715
CcO H-MCM-22, Bronsted site VTIR 2174 23.5 + 2.0 130 + 10 721
Cco Na-, isolated Na" site VTIR 2180 29.3 NR 285
CcO Na-FER, isolated Na" site VTIR 2175 30.5 £ 3.0 150 £ 10 278
CO Na-FER, isolated Na" site pDFT 2178 29 NR 719
CcO Na-FER, interaction with 2 Na™ sites VTIR 2158 34.5 + 3.0 152 £+ 10 278
CcO Na-FER, interaction with 2 Na* sites pDFT 2153-2175 32-35 NR 719
CcO Na-Y, isolated Na" site VTIR 2172 27 + 2 NR 719
CcO Na-Y, isolated Na" site pDFT 2172 24-26 NR 719
CcO Na-A, interaction with 2 Na* sites VTIR 2163 27 NR 719
CO Na-A, interaction with 2 Na' sites pDFT 2160 30 NR 719
CcO K-B, isolated K" site VTIR 2167 25.7 NR 285
CcO K-FER, isolated K" site VTIR 2163 25 £ 2.0 NR 719
CcO K-FER, isolated K" site pDET 2164 18-20 NR 719
CcO Cs-X, basic framework O VTIR 2124 25 + 1.0 71+5 705
CcO Ca-A, Ca*" site S1 VTIR 2179 31.3 £ 2.0 176 + 10 281
CcO Ca-A, Ca** site S2 VTIR 2188 45.6 £ 2.0 170 + 10 281
CO Ca-Y, site in supercage VTIR 2197 47 NR 284
Cco Ca-Y, Ca(CO)— Ca(CO), equilibrium VTIR 2191 36 NR 284
CO Sr-Y, site in supercage VTIR 2191 45.3 179 283
co Sr-Y, Sr(CO)— Sr(CO), equilibrium VTIR 2187 30.2 138 283
CO, H-Y, Brgnsted site in supercage VTIR 2353 28.5 £ 1.0 129 £+ 10 713
CO, H-Y, Bronsted site in supercage Qisost 2360 27 NM 723
CO, H-ZSM-5, Bronsted site VTIR 2345 31.2 + 1.0 140 + 10 711
CO, H-ZSM-5, Bronsted site pcCal NM 30 NM 727
CO, H-ZSM-5, Bronsted site Qisost NM 28.8 NM 724
CO, H-ZSM-5, Bronsted site Qisost NM 28.7 £ 0.7 83 725
CO, H-ZSM-5, Bronsted site CPp NM 33 83 740
CO, H-f, Bronsted site VTIR 2348 33 + 1.0 146 £+ 10 715
CO, H-FER, Bronsted site VTIR 2346 30.2 + 1.0 125 + 10 741
CO, Na-A, interaction with 2 Na* sites VTIR 2360 42 + 2.0 135 £ 10 717
CO, Na-A, interaction with 3 Na* sites VTIR 2349 44 + 2.0 140 + 10 717
CO, Na-A, average of Na' sites Qisost NM 47 NM 717
CO, K-FER, isolated K" site VTIR 2346 40 + 1.0 148 + 10 716
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Probe Zeolite, site Method 7 (em™) —AH° (K] mol™) —AS° J K" mol™) Ref.
CO, K-FER, interaction with 2 K" sites VTIR 2355 43 + 1.0 152 + 10 716
CO, K-FER, average of all sites pnCal 2347 50-59° NM 716
NH, H-ZSM-5, Bronsted site, NH," formation VTIR 1410 128 + 5.0 184 + 10 714

% The reported values refer to the average of the —AH® and —AS° values obtained by applying the VTIR approach to both ©(OH) band of the
occupied Brensted sites and the 1(CO) or 1(NN) band of the adsorbed molecules. ? In this case, the VTIR approach was applied to the perturbation
of the HF band of Bronsted sites in the Y supercage, of which the wavenumber moves downward from 3650 cm ™" to 3616 cm™ " upon the formation
of ZOH- - -Ar adducts, resulting in A7(OH) = 34 cm ™', as shown in Section 2.1. ¢ Depending on the Si/Al ratio.

(a)

(i) -OH--CO 1

@ :2_0.1 abs u.I

external silanols

HF
3600  34bo ~ 32bo
Wavenumber (cm™?)

(b) @ |

7-OH-+-co™
|

W Io.l abs. u.

) T T T T
22b0 2150 © || 3.5102 4.0103 45103 501073 5.51073

Wavenumber (cm~1) 1/T(KY)

Fig. 29 Part (a): VTIR spectra in the ¥(OH) stretching region, collected by
dosing CO onto H-Na-Y zeolite at constant p and changing T in the 280 K
(dashed spectrum) — 170 K (dotted spectrum) interval. Part (b): Similar to
Part (a) in the 1(CO) stretching region. Part (c): The plots of In(K) = In{/(T)/
[(Im — I(M)(p/po)1} vs. 1/T, mentioned as egn (30) and (31), obtained from the
decrease in band (i) in part (a) and from the increase in bands (ii) or (iii) in
parts (a) and (b), respectively. Part (d): The plots of In(K) vs. 1/T for CO
(averaged over the 3 datasets shown in part (c), open squares), N, (open
circles), O, (crosses), Ar (open stars) and H, (open diamonds). The different
slopes clearly reflect the different adsorption enthalpies of the different
molecules. Adapted by permission of the Royal Society of Chemistry
(copyright 2006) from ref. 154.

molecules in zeolitic frameworks. The overall data do not show a
common simple trend (Fig. 31); nevertheless, there is a rough
positive correlation between enthalpy and entropy of adsorption:

—AH® o —AS° (32)

This correlation is better defined within the subsets of data that
refer to a single molecule. Besides molecular adsorption in
zeolites,*>73%7% such a trend, already referred to as entropy-
enthalpy compensation, has been observed in the literature for
a range of chemical processes that involve weak interaction
forces such as the formation of weakly associated molecular

This journal is © The Royal Society of Chemistry 2015

743,744 745,746

complexes, weak hydrogen bonding
type adsorption from solution.”*®

Correlation (32) is related to the fact that the stronger the
interaction between the probe molecule and the adsorbing centre
is, the greater will be the corresponding decrease in freedom of
molecular motion, which results in increasing order of the system.
Thus, referring to absolute values, a greater —AH" value will result
in a correspondingly greater value of —AS°.73>736:742

Otero Arean and Garrone have recently shown that within
zeolites and Cr-MIL MOFs, the enthalpy-entropy correlation
(—AH® oc —AS°) does not follow a straight line but a concave
735742 This trend, which is also clearly observed in the
entire set of data shown in Fig. 31a, is due to the fact that the
adsorbed molecules cannot lose more than all their degrees of
freedom of motion and that —AS° has consequently an inherent
limit, whereas (in principle) —AH° has not. The limit for —AS° is
not reached in the adsorption process, because some rotational
and vibrational freedom (with respect to the adsorption site)
remains in the adsorbed state. The summary of the data obtained
for zeolites (Fig. 31a), which represents a larger dataset with respect
to that considered in the works of Otero Arean and Garrone,”>>”*>
confirms their model because a sharp increase in —AH” is observed
when —AS° reaches values beyond 120 J mol " K.

From Fig. 31(b) and (c) a rough negative (positive) correlation
between enthalpy and the 7(HH) (7(CO)) stretching frequency is
clearly observed. This behaviour is due to the fact that higher
adsorption enthalpy results in a larger perturbation of the stretching
mode of the molecule |A7|, which is negative for H, (Av(HH) < 0)
and positive for CO (A7(CO) > 0).2*%**! See Section 3.1.4 for a
discussion on the respective signs of A{CO) and A{HH).

7.2.3. Linkage isomerism of simple molecules adsorbed on
zeolites: determination of the difference in AH® for the two
isomers by VTIR. Linkage isomerism is present when two (or
more) coordination compounds coexist while having the same
composition but differing in the connectivity of the metal (M)
to a ligand (L). If the ligand is a diatomic molecule (L = AB) then
only two linkage isomers are possible: M- --AB and M- - -BA.
Linkage isomer complexes have different vibrational frequen-
cies, and thus can be distinguished by IR”*”7*® if both are
energetically stable. The relative populations of the two isomers
will be determined by the relative difference in AH° and the
temperature of the experiment; thus, an appropriate VTIR
experiment will allow the determination of the difference in
the relative stability AJAH"] of the two complexes. The pheno-
menon of isomerism on adsorption has relevant importance in

and Langmuir-

curve.
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Fig. 30 Part (a): VTIR spectra (zeolite blank-subtracted) of CO adsorbed on Na-FER, Si:Al = 8:1. From top to bottom, the temperature ranges from
207 to 264 K and the equilibrium pressure from 0.19 to 1.17 mbar. Part (b): Plots of In(K) = In{/(T)/[(Im — I(M)(p/po)l} vs. 1/T, egn (30) and (31), for the
deconvoluted components of the bands at 2175 and 2158 cm ™ shown in part (a). Part (c): Optimized coordination of Na* cation and the corresponding
single-site CO adsorption complex responsible for the 2175 cm™ band. Framework Al, Si, and O atoms are depicted as black, grey, and red sticks,
respectively; Na* ions and C and O atoms of CO are shown as violet, grey and red balls, respectively. Distances are given in A. Part (d): Optimized CO
adsorption complex formed on dual cation sites responsible for the 2158 cm ™! band. The CO molecule interacts with the primary Na* cation (violet ball)
through the C atom (grey ball) and with the secondary Na* cation (yellow ball) through the O atom (red ball). Framework Al, Si, and O atoms are depicted
as black, grey and red sticks, respectively. Adapted by permission of the Royal Society of Chemistry (copyright 2012) from ref. 719.
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Fig. 31 Part (a): Correlation between —AH® and —AS® values obtained by VTIR experiments for the adsorption of H, (red squares), N, (black circles), CO
(green triangles), CO, (blue stars) and NHs (pink rhombus) molecules in zeolitic frameworks. Part (b): Correlation between o(HH) and —AH° for H,
molecules adsorbed in zeolites (full red squares); the open red square represents an unperturbed H, molecule (—AH® = 0 kJ mol™; #(HH) = 4161 cm™?).
Part (c): Correlation between 7(CO) and —AH® for CO molecules adsorbed in zeolites (full green triangles); the open green triangle represents an
unperturbed CO molecule (~AH® = 0 kJ mol™; #(CO) = 2143 cm™Y). When reported in the original articles the uncertainties in —AH° and —AS® values
have also been plotted:; for both #(HH) and #(CO), we assumed an error of +1 cm ™, because most experiments have been performed with a resolution of

2 cm™L. Previously unpublished figure analyzing data are reported in the references quoted in the last column of Table 8.

catalysis, because the energetically less favorable state has
different chemical properties and excess energy, which could
be used to overcome activation barriers. It can therefore be
considered to be an activated state and could play the role of an
intermediate in catalytic reactions.”*®

As discussed in detail in Section 3.1.1, CO with alkali metal
cations hosted in zeolite channels and cavities forms linear
M"--.CO adducts through the carbon end, for which IR spectra
are characterized by a main blue-shifted cation-specific IR band
that appears in the 2150-2180 cm™ ' range (M = Li, Na, K, Rb,
and Cs). At lower frequencies, a weak band always mirrors the
main band (compare the trends of the full and open symbols in
Fig. 7), being red-shifted to about the same extent as the blue
shift undergone by the main band (see Table 9):***>*% lower

7302 | Chem. Soc. Rev., 2015, 44, 72627341

|A7| for Cs, higher for Li. Several different attributions were
assigned to the red-shifted band; a coordination to the cation
site via the oxygen end, forming a linear M"---OC linkage
isomer was also among these. The definitive proof that this
was the correct assignation came some years later and was due
to a VTIR experiment performed on Na-ZSM-5 by Arean et al.**®

The IR spectra of that experiment are shown in Fig. 32: part
(a) refers to the temperature range of 83-203 K, whereas part (b)
refers to the 223-303 K interval. In part (a), the main band
at 2178 cm ' due to the standard Na*---CO adduct, widely
discussed in Section 3.1.1, behaves in an expected way, as
shown in eqn (24), showing a decrease in its intensity upon
an increase in temperature (see blue arrow); however, the small
band at 2113 ecm ™" behaves in the opposite way, as it increases

This journal is © The Royal Society of Chemistry 2015
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Table 9 Summary of differences in adsorption enthalpy A[AH®] for the
ZM*...CO = ZM*...OC equilibrium between the two linkage isomers in
different zeolites and the wavenumbers of the corresponding C- and O-
bonded adducts, as determined by VTIR. Previously unpublished table
analyzing data are reported in the references quoted in the last column

7(CO) of 7(CO) of A[AH]
Zeolite ZM*...CO (em™") ZM"-.0C (em ") (kJ mol™') Ref.
H-ZSM-5 2174 2120 4.6 698
Li-ZSM-5 2195 2100 7.84 696
Li-ZSM-5 2188 2110 5.1¢ 696
Na-ZSM-5 2178 2113 3.8 288
K-ZSM-5 2166 2117 3.2 694
Rb-ZSM-5 2161 2120 1.8 698
Cs-ZSM-5 2157 2122 — 284
Silicalite-1 2160 2122 3.0 700
Na-p 2180 2112 5.8 285
K-B 2167 2120 5.6 285
Cs-p 2156 2124 — 286
Na-FER 2175 2113 4.0 278
H-Y 2173 2124 4.3 692
Na-Y 2171 2122 2.4 691
Ca-Y 2197 2094 11.0 284
Ca-y? 2191 2094 8.0 284
Sr-Y 2191 2095 9.8 283
Sr-Y? 2187 2098 7.6 283
Na-ETS-10 2176 2115 — 382
K-ETS-10 2166 2125 — 382

¢ In this case a quantitative determination of AJ/AH*] was more complex
because of the concomitant presence of the bands for dicarbonyl
Li*(CO), and Li'(CO,0C) species, which partially overlapped the bands
of Li'(CO) and Li'(OC) monocarbonyl species; this complicated the
equilibria present in the system and made the quantitative calculation
of the I(T)na...oc and I(T)xa...co integrated areas more difficult.®®>%%®
b values referring to the ZM?*---(CO), == ZM?>"---(CO,0C) equilibrium
between dicarbonyl species (M = Ca or Sr). In this case, the presence of
more than one equilibrium makes the determination of the A[AH?]
value more complex than that explained here in eqn (34)-(37), which
refer to the simple equilibrium (33), and the reader should refer to the
original studies for the complete set of equations.

upon an increase in T (see red arrow). In the temperature range
covered by panel (b), both bands decrease upon increasing T
(see corresponding arrows). This observation allowed Arean
et al. to definitively assign the 2113 cm™ " band to the Na*- --OC
adduct and to derive the enthalpy needed to change from
C-bonded adducts to O-bonded adducts from the IR data.

In fact, the two linkage isomers are in thermodynamic
equilibrium:

ZM"--CO = ZM"---0C (33)

which is driven by temperature T and the difference in adsorp-
tion enthalpies between the two linkage isomers:

A[AH"] = AH°(M"---OC) — AH*(M"---CO)  (34)

A VTIR experiment, which involves variation in the tempera-
ture, is able to displace this equilibrium. The constant K of
equilibrium (33) is given as follows:

0(T)ym...0c _ I(T)p..0c eM--co

K =
0(T)m..co  1(T)u..co em--oc

(35)
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where 0(T)y...oc and 0(T)y...co are the fractional coverages of
the O- and C-bonded complexes (at temperature 7T), respec-
tively, and the corresponding I(7) and ¢ are the integrated IR
band area and the molar absorption coefficient. The far right-
hand side of eqn (35) is valid because for both complexes I(T) oc
0(T)e with the same proportionality constant that is related to
the thickness of the sample and the cation concentration in the
sample. Combining eqn (35) with the van’t Hoff eqn (29), the
following equation is obtained:

I(r Y
I 00 5M-CO _ oy AIAH]/RT) exp(A[AS°]/R)  (36)
I(T)M~~~CO EM...OC
By taking the natural logarithm, the following equation is
finally obtained:

| ] =

According to eqn (37), measurement of the integrated area
of the IR bands of the two linkage isomers as a function of T
allows the derivation of AJAH"] as the slope of the best linear fit
of the experimental data (Fig. 32c, red dots), yielding A[AH"] =
3.8 k] mol '. Unfortunately, in this case, A[AS°] can be
obtained only if the two molar absorption coefficients of the
two adducts have been carefully determined (see Section 6).

After this important experiment, several others performed
this experiment on different zeolites, of which the results are
summarized in Table 9, whereas for some of them the corres-
ponding van’t Hoff’s plots are reported in Fig. 32¢c: Na-Y (blue
circles),*”' K-ZSM-5 (orange triangles),*** and Rb-ZSM-5 (green
squares).®”® Note that in all the cases, A[AH°], as defined in
eqn (34), is positive because the O-bonded complexes are
always less stable than the corresponding C-bonded forms;
thus, the slopes of the van’t Hoff’s plots are negative, whereas
in all the other examples reported in Section 7.2, they were
positive (see Fig. 28c, 29c and d and 30b) and the corres-
ponding AH® values were negative, as shown in Table 8.

CO molecule is not the only one that is able to form linkage
isomers once adsorbed in zeolites. Tsyganenko et al.”*® observed
the linkage isomerism phenomenon for the CN™ anion adsorbed
on different alkali metal-exchanged X zeolites. By performing
VTIR experiments, they were able to obtain the differences in
adsorption enthalpy, AJAH?], for the ZM"-- .NC™ = ZM"---CN~
equilibrium, as summarized in the top part of Table 10. It is
interesting to note that no linkage isomerism was found for CO
adsorbed on M-X-zeolites (M = alkali metal cation). This is due to
the strong interaction of CO with basic oxygen anions, which
have a higher negative charge in these systems’® (see Section 4).
For this reason, the interaction of CO with the framework oxygen
atoms of Cs-X zeolites is even stronger than that with Cs"
cations, which results in a band at 2124 cm™" for low coverages
corresponding to a 1(CO) mode that is red-shifted instead of
blue-shifted, as is always observed for M™"---CO adducts with
alkali and alkaline earth cations, as discussed in Section 3.1.1,
Fig. 7, 8, and Table 8. On this basis, Tsyganenko et al. attributed
this band to CO molecules, which form side-on 0O°---CO
complexes with the most basic surface O anions.”” This attribution

A[AHO} A[ASO} EM...CO
RT + R +11‘1 EM...CO ’ (37)
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Fig. 32 VTIR spectra of CO (ca. 0.8 Torr) adsorbed on Na-ZSM-5. Part (a) from top to bottom: 83, 133, 153, 183, and 203 K. Part (b) from top to bottom:
223, 233, 243, 253, 263, 273, 283, 293, and 303 K. The two insets show an expanded view of the ZNa*---OC band. The blue and red arrows indicate the
evolution of the ZNa*--.CO and ZNa*- - -OC bands, respectively, in the temperature intervals covered by the two parts of the figure. The gray dashed lines
indicate the position of the (CO) stretching frequency of the unperturbed molecule: 7(CO) = 2143 cm™. Part (c): Plots of In[l(Tw...oc/(Tm...col vs. 1/T,
eqn (37), obtained from the spectra shown in parts (a) and (b) (red circles). The remaining data refer to similar experiments performed on other zeolites and
reported in successive articles: Na-Y (blue circles),®** K-ZSM-5 (orange triangles),®®* and Rb-ZSM-5 (green squares).?*® The corresponding full lines
represent the best linear fits of the experimental data. See Table 9 for the quantitative values of A[AH°] determined from the slopes of the best fit lines. Parts
(a) and (b) are adapted by permission of Wiley-VCH (copyright 1998) from ref. 288. Part (c) adapted by permission of MDPI AG (copyright 2002) from ref. 287

Table 10 Top part: Summary of the differences in adsorption enthalpy
A[AH?] for the ZM*...NC™ = ZM*...CN~ equilibrium in different cation-
exchanged forms of X zeolite and the wavenumbers of the corresponding
N- and C-bonded adducts, as determined by VTIR. Table reproduced with
permission from ref. 748, copyright Royal Society of Chemistry, 2010.
Bottom part: Similar to top part for the ZM*...NO = ZM™*...ON equili-
brium in different cation-exchanged forms of ETS-10 zeotype; unpub-
lished table reporting data from ref. 382

7(CN) of 7(CN) of A[AH)
Zeolite ZM*-.NC™ (em™") ZM"--CN™ (em™") (k] mol %)
Na-X 2195 2184 >20
K-X 2157 2144 2145
Rb-X 2150 2138 17 £3
Cs-X 2149 2138 7.7 £ 1.0

7(NO) of #(NO) of A[AH?]
Zeolite ZM"...NO (em™ ) ZM*..-ON (cm™ %) (kJ mol ™)
Na-ETS-10 1898 1857 —
K-ETS-10 1891 1868 —

is in agreement with the high basicity of Cs-X zeolites, as shown in
Section 4. The anionic nature of the CN™ ion (which is isoelectronic
with CO) minimizes integration with the negatively charged frame-
work oxygen atoms and makes linkage isomerism possible.
Linkage isomers have also been reported by Zecchina
et al®® for a NO molecule adsorbed on alkali metal-
exchanged ETS-10 zeolites, as shown in the bottom part of
Table 10. It is worth noting that the #(CO) and 7(NO) frequen-
cies of the linkage isomers observed on Na-ETS-10 and K-ETS-10

7304 | Chem. Soc. Rev., 2015, 44, 7262-7341

exhibit a perfect linear correlation, shown as full and open orange
squares in Fig. 11b.

8. Space-resolved experiments: IR
microscopes, IR beamlines at
synchrotron facilities and stimulated
Raman scattering (SRS) microscopy

This section is divided into three subsections. The first deals
with a general overview of microspectroscopic techniques
applied to heterogeneous catalysts. Section 8.2 deals with a
scanning IR microspectrometric study of styrene oligomerization in
H-ZSM-5 performed at the U10B beamline of the NSLS synchrotron.
Finally, Section 8.3 discusses how stimulated Raman scattering
microscopy reveals the evolution of the accessibility and 3D
distribution of Bregnsted sites in mordenites subjected to a
progressive dealumination treatment.

8.1. Development of microspectroscopic techniques to study
heterogeneous catalysts

Besides the development of environmental TEM”** 7% and in situ

diffraction set-ups,”®” several in situ microspectroscopic techniques
have recently been developed to investigate, on the micrometer
and sub-micrometer scale, catalytic reactions in heterogeneous
catalysts: XAFS,”*7°*77% fluorescence,>*®*>7"7"77¢77%7 yy-vis,”*®

Raman’24,26,799—801 and IR’24,26,4(),661,770,790,802—819 particularly

This journal is © The Royal Society of Chemistry 2015
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Fig. 33 Part (a): Scheme of the scanning IR microspectrometer system working in reflection mode. The microscope uses a Schwarzschild-type
objective. An area of the sample defined by the aperture is spectroscopically sampled by the instrument and an image is obtained by raster-scanning the
specimen using the focused beam. Part (b): IR spectrum of an individual H-ZSM-5 crystal in contact with 4-fluorostyrene (top spectrum); IR spectrum of
liquid 4-fluorostyrene (bottom spectrum). Part (c): Time evolution (from bottom to top in minutes) of the background-subtracted IR spectra recorded
in situ during the oligomerization reaction of 4-fluorostyrene. Part (d): Optical microphotograph of a H-ZSM-5 crystal after reaction with 4-fluorostyrene,
showing the crystallographic directions a, b and c (right). In situ IR spectra recorded with two light polarizations parallel to the a (red curve) and ¢ (blue
curve) MFI axes (left). The central part shows the chemical structures of 4-fluorostyrene monomer 1 and the two dimeric reaction products 2 and 3. Part
(e): Fragment of optical microphotograph of a ZSM-5 crystal after reaction with 4-fluorostyrene (top left). Intensity of the IR band at 1534 cm~* mapped
over that of the crystal after the reaction (top right). IR spectra obtained from the edge (bottom left) and body (bottom right) of the crystal, illustrating the
differences in the intensity ratio of the bands. Adapted by permission from ref. 40, copyright Wiley-VCH (2008).

using synchrotron radiation IR sources. These spectroscopic
methods have proven to be very successful in elucidating
valuable structure—function relationships for catalytic reactions.

The great advantage of combining vibrational spectro-
scopies with microspectroscopic methodology provides a direct
insight into the chemical nature of reagent molecules, potential
reaction intermediates, and reaction products on the um scale.
Coupling an IR spectrometer with an optical microscope allows
us to ensure that only a localized area of a catalyst sample is
probed.*® This innovative technique has been particularly
informative in the characterization of zeolitic and microporous
materials. Published studies have covered several aspects,
including the decomposition of organic templates,**> mapping
of the boron distribution in B-ZSM-5,"%> diffusion pheno-
mena’661,790,803,805,806,808,809,8147816,819 mass transport,8107812
hydrogen and deuterium spillover in Y zeolite,*** ethene oligo-
merization in H-ZSM-5,"° and styrene oligomerization in
H-ZSM-5.%°

8.2. Styrene oligomerization in H-ZSM-5

Weckhuysen et al.*® developed a scanning IR microspectro-
meter system that works in reflection mode, which is illustrated
in Fig. 33a, and it operates at the U10B beamline of the

This journal is © The Royal Society of Chemistry 2015

National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory (Upton, NY, USA). Using this instrument,
the authors carried out the in situ oligomerization of styrene in
H-ZSM-5 zeolite. A coffin-shaped H-ZSM-5 crystal (100 pm X
20 um x 20 um; see microphotographs in parts (d) and (e) of
Fig. 33) was exposed to 4-fluorostyrene, heated to 373 K for
10 min and the IR spectrum from a 5 pum x 5 pm region in the
center of the crystal was recorded (top curve in Fig. 33b). Two
sharp features, at 1534 cm ™" (with a shoulder at 1521 cm™ ")
and 1510 cm ™', are due to the oligomeric products (structures 2
and 3 in Fig. 33d) and the reactant (structure 1 in Fig. 33d and
bottom IR spectrum in Fig. 33b), respectively. Fig. 33c shows
spectra recorded in situ during the reaction at 373 K, showing
the decrease of the reactant band and the increase of the
product band.

It is interesting to note that the intensity of the band at
1534 cm™* strongly depends on the relative orientation between
the polarization vector of the synchrotron radiation IR light and
the crystal axis (Fig. 33d). Based on the dependence of the
optical absorption on the polarization of light, only straight
channels of ZSM-5 were found to host the oligomerization
products.”® In the spectra shown in Fig. 33d, the intensity of
the IR band associated with the oligomeric products is higher
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when the light is polarized along the ¢ direction, which implies
that the transition moment associated with this vibrational
mode is likely to be directed perpendicular to the long mole-
cular axis of the dimeric carbocation.® It is also interesting to
note that the electric dipole moment that is associated with
optical transitions coincides with the long molecular dimen-
sion,”®® i.e., it is orthogonal to the vibrational moment.

In a second series of experiments reported in the same
study, Weckhuysen et al’® mapped the distribution of the
reaction products 2 and 3 over a H-ZSM-5 crystal by scanning
an individual crystal under an IR microscope. A spatial map of
the 1534 cm™ " band is shown in Fig. 33e. In a previous study,
UV/Vis microspectroscopy results have shown that dimeric carbo-
cations are exclusively formed in the case of 4-fluorostyrene’”® with
lower concentrations at the edges of the crystals compared to that
in the center. The structure of ZSM-5 crystals®***"*** entails that the
two-dimensional channel network is oriented nonuniformly, i.e., at
the edges of the crystal straight pores, open to the top surface of the
crystal are accessible. On the contrary, in the center region of the
crystals, sinusoidal pores are accessible. The non-uniform product
distribution was rationalized in terms of the blockage of straight
versus zigzag pores, as discussed in previous publications of the
same group.””*”® The spatially resolved IR spectra reviewed here
(see spectra in Fig. 33e) are fully in line with the results of optical
absorption, with lower intensity of the 1534 cm ™ band at the edges
as compared to the body of the crystal, further supporting the
attribution.

8.3. Stimulated Raman scattering microscopy revealing the
3D acid site distribution in acid zeolite catalysts

3D mapping on the nanoscale of catalytic reactions in zeolite
catalysts has become possible using visible light. Infrared
microspectroscopy (see previous sections) does not offer the
required 3D spatial resolution, but Raman microspectroscopy
does, and it could lead to very interesting information on the
location of catalytic sites in the pore system. Raman micro-
spectroscopy is, however, not interesting as such because of the
strongly interfering background fluorescence and inherently
weak signals. The sensitivity of Raman microspectroscopy was
increased recently by several orders of magnitude by combining
two picosecond lasers (Stokes and pump lasers) for obtaining a
non-linear spectra.”’*° By matching the difference in photon
energy between the two lasers to a vibrational frequency in the
sample, the Raman response can be detected; intensity increase in
the Stokes and decrease in the pump. This has been used to design a
spectroscopic technique with spatial resolution better than 1 pum,*
which is widely applied in biological studies.®** " The technique,
named as stimulated Raman scattering (SRS) microscopy, is a newly
developed label-free chemical imaging technique that overcomes the
speed limitation of confocal Raman microscopy, while avoiding the
non-resonant background problem of coherent anti-Stokes Raman
scattering (CARS) microscopy.”®"%*

SRS microscopy was recently applied by Roeffaers et a o
nitrile probes (CH3;CN and benzonitrile, hereafter PhCN) in
small-port mordenite crystals (5-10 um size), as shown in
Fig. 34. They applied this sophisticated technique to shed light
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on an old open question in the zeolite community, related to the
small-port (SP)/large-port (LP) transition in mordenites.****% 1t
has been known for decades that mordenite exists in two forms
that differ in their adsorption behavior: SP-MOR and LP-MOR,
which have effective apertures of ca. 4 and ca. 7 A, respectively.
The effective aperture of LP-MOR is in accordance with the
diameter of the large channels in the ideal crystal structure of
mordenite,'® as shown in Fig. 22b. The SP to LP transition is
achieved by a simple thermal treatment, in which dealumination
of the zeolite framework occurs and is complete when about
20% of the tetrahedral framework aluminum is converted into
octahedrally coordinated extraframework species. According to
Van Geem et al,*** pore blocking in SP-MOR is caused by
structural defects originating from differently oriented mordenite
chains. The transition involves the removal of framework Al from
the 4-membered rings that form the walls of the 8-membered ring
side channels. Thus, connections between segments of the main
channel system are formed.

By tuning the polarization of the laser beams, Roeffaers
et al.,* could demonstrate the specific orientation of deuterated
acetonitrile in the side pockets and isolate the corresponding
spectrum (Fig. 34a-d). Uniaxial symmetry was observed with a
signal about 2.3 times stronger when the lasers were polarized in
the crystallographic b-axis than in either the a- or c-axis, which
indicates that a fraction of nitriles is symmetrically oriented with
respect to the crystallographic b-axis.

They mapped the concentration of the CD;CN probe in
the crystal from 0 to 2.5 molecules per nm®, which matched
the density of framework aluminum atoms (Fig. 34e-i). The
authors followed the dealumination of the samples and showed
that this occurred preferentially in the main channels, leading
to extraframework aluminum preferentially located in the side
pockets that were close to the remaining acid sites. Following
the methodological scheme of using probes of increasing size
(see Section 5), the increased accessibility of larger nitriles
(PhCN) to the pores was also studied with increasing deal-
umination (Fig. 341-0). The influence on catalytic performance
confirmed these observations, with increased accessibility but
decreased density of acid sites.®*”

9. Time-resolved experiments

The full understanding of a catalytic reaction requires a thor-
ough identification of precursor and intermediate species.
Active species should be distinguished from spectators, which
are often present on the surface of heterogeneous catalysts in
general and inside zeolite pores in particular. In this regard,
spectroscopies in general and infrared (IR) spectroscopy in
particular can play an important role. However, the spectro-
scopic identification of precursor and intermediate species is
often difficult owing to their transient nature. The control of
experimental parameters, such as temperature, equilibrium
pressure, composition of the reactant feed, and reactant-
catalyst contact time, allows experimentalists to alter the rates
of dynamic processes and consequently to appreciably modify

This journal is © The Royal Society of Chemistry 2015
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Fig. 34 Top parts (a—d): SRS microspectroscopy and polarization dependence of CDzCN adsorbed in parent SP-MOR. Part (a): SRS response of the
U(C=N) stretching region of liquid CDzCN (x0.2, black data) and CDsCN adsorbed in zeolite pores (averaged over a whole crystal) recorded with lasers
polarized in the crystallographic b- (violet data) and c-axes (orange data); the experimental spectra (scattered data) are fitted by a single Lorentzian curve
(solid line). Parts (b and c): Polar plot of {C=N) stretching (2275 cm™2) in zeolite crystals with different crystal orientations (shown in the insets) as a
function of 6 (angle between laser polarization and crystallographic b-axis); the polar plots can be simulated by the sum (solid line) of a cos(26) function
(anisotropic component, dashed line) and a circle (isotropic component, dotted line). Part (d): Spectra of the anisotropic (violet curve) and isotropic
(orange curve) components of ({C=N) stretching and their difference (gray curve). Middle parts (e—i): Chemical mapping of CDzCN adsorbed in H-
MORs at progressive stages of dealumination from parent SP-MOR (e) to a strongly dealuminated form on the right (i). The false-colour scale indicates
the density of acid sites: from 0 to 2.5 nitriles per nm® for parts (e—g) and from 0 to 1.25 nitriles per nm?® for parts (h and i). Crystal axes are indicated by
arrows. Bottom parts (l—0): Chemical mapping (2249 cm™) of PhCN adsorbed in H-MORs, revealing the accessibility of acid sites; gradual increase in the
availability of acid sites in mildly dealuminated MOR from early () and intermediate (m) to late stages (n) of dealumination, as well as severely
dealuminated MOR (o). Images were recorded with lasers polarized along the crystallographic c-axis. The false-color scale indicates the relative
abundance of PhCN (from 0 to 100 a.u.). Crystal axes b and ¢ are indicated by arrows. Part (p): Cartoon representation of the SRS microscopy method.

Adapted by permission from ref. 655, copyright American Chemical Society (2014).

the relative concentrations of precursor, intermediate, and
product species that are present under reaction conditions. In
this context, time-resolved FTIR spectroscopy (with constant
temperature and pressure during the experiment) and also
temperature-time resolved methods (with both temperature
and time changing simultaneously in a controlled way during
the experiment) can be useful for kinetic investigations of
several types of reactions.

The replacement of dispersive spectrometers by FTIR instru-
ments in the 1980s drastically reduced the time scale for the
acquisition of an IR spectrum, from minutes to seconds. Today,
with conventional FTIR instruments, fast FTIR acquisition
mode allows sub-second time resolution. Fast FTIR spectra
can be obtained by reducing the spectral resolution (which is
proportional to the translation of the movable mirror) and
collecting interferograms without performing the Fourier trans-
form. The latter is performed preferably at the end of the
experiment, > 13>143:8367840 1 thig case, the time resolution
can reach 25-50 scans per second (still producing spectra with
favorable signal-to-noise ratios), because the time scale is

This journal is © The Royal Society of Chemistry 2015

determined by the translation of a movable mirror. In such
experimental conditions, FTIR spectroscopy can be a useful
tool for the investigation of processes that proceed on time
scales associated with kinetic effects.

The different approach of step-scan mode allows, in princi-
ple, a time resolution to be reached that is limited by the
readout time of the IR detectors, typically in the order of 107 s,
i.e. in the ns range.>*%**%*783% ¢ perform a step-scan investi-
gation, a single kinetics experiment must be repeated n times
(where n is the number of points on the interferogram) with the
movable mirror fixed in each position x; of the Michelson
interferometer, at which the usual acquisition of the interferogram
should have taken place. Under these conditions, the data are
signals ij(t,-) as a function of time ¢; for each position x; Time-
resolved interferograms are then constructed by reading signals
S;;,.(ti) that are collected at the same time (in different experiments)
as a function of x;. This method is extremely powerful; however, it
can only be applied to systems that guarantee full reproducibility at
the At = (t;1 — t;) level. Because most of the important catalysts
have extremely complex structures, such a severe constraint of
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reproducibility is only rarely achieved. Moreover, the overall time
resolution of catalytic kinetic experiments may still be limited
by other factors such as the excitation source used to trigger
the reaction; pressure pulses or temperature jumps may take
milliseconds, limiting the overall kinetics resolution.>* For these
reasons, the actual time resolution of step-scan FTIR experiments
performed on zeolites is, at best, of the order of 10 ° s (i.e. in the few
ps range). There have been only a few reports on the use of step-scan
FTIR to characterize homogeneous®' and heterogeneous®>*>*
catalytic systems in general and zeolites®***® in particular.

This section is divided into five subsections: 9.1, where IR
spectroscopy is the sole technique used to investigate temporal
evolution inside a working zeolite (in situ experiments); 9.2,
where the catalyst performance is monitored by MS or GC in
parallel with IR spectroscopy (operando experiments); and 9.3,
where additional spectroscopies are added to the IR operando
set-up. Finally, Section 9.4 is devoted to discussing an example
of CO molecules generated by the photodissociation of diphenyl-
cyclopropenone using a nanosecond laser pulse inside the channels
of a mesoporous MCM-41 silica sieve,*> whereas Section 9.5 deals
with 2D IR pressurejump spectroscopy of adsorbed species in
zeolites followed by step-scan FTIR.

9.1. In situ IR studies on reactivity in zeolites

9.1.1. Reactivity of CO with Cp,Cr encapsulated inside
Na-Y zeolite. The interaction of CO with Cp,Cr hosted inside
a non-polar polystyrene (PS) matrix system resulted in a tem-
porally stable Cp,Cr(CO) monocarbonyl complex characterized
by an intense 1(CO) band at 1900 cm ™" (Fig. 28a),”**%% which is
very similar to that previously reported in the literature in the
case of Cp,Cr(CO) in toluene solution.®**#%* Conversely, when
Cp,Cr is hosted in a polar Na-Y matrix, upon dosage of CO, a
rapid evolution over time is observed.**®*®” An intense 1(CO)
band immediately appears at 1850 cm ™" (blue circle and blue
curve in Fig. 35a), which is due to the formation of the
Cp,Cr(CO) monocarbonyl complex, as shown in the reaction
(38). The red shift in 1(CO) with respect to the values found in
PS and toluene is induced by the high ionicity of the Na-Y
environment, which contains extraframework Na" and framework
0°" Lewis acid-base pairs, as discussed in Sections 4.1 and 4.2.2.
Over time, this band progressively declines and simultaneously
three new bands at 1893, 1773 and 1724 cm ™' (red triangles
in Fig. 35a) appear, accompanied by a weak component at
~1980 cm ™" (red square), which grows in a similar way.

2Cp,Cr + Na'Y™ + 2CO — 2Cp,Cr(CO) + Na"---Y~  (38)

2Cp,Cr(CO) + Na*---Y~ + 2CO

— [Cp,Cr(CO)]™--Y~ + [CpCr(CO);]"---Na" + Cp
(39)

The evolution of the spectra indicates that the monocarbonyl
precursor (band at 1850 cm %) is transformed into a charged
tricarbonyl species [CpCr(CO);]” (triplet at 1893, 1773 and
1724 cm )®® vig the loss of a Cp ring, whereas the weak
component at ~1980 cm ™' is due to a fraction of [Cp,Cr(CO)]"
cationic species (Fig. 35b).%*%7° On this basis, reaction (39) was
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Fig. 35 Part (a): Temporal evolution of the FTIR spectra (at RT) of Cp,Cr/
NaY systems before dosage of CO (black), immediately after (blue), and 1 h
after the exposure to CO (red). Gray spectra are intermediate between the
blue and red spectra. The inset in the top left corner shows two Cp,Cr
molecules encapsulated inside the supercage cavity of Na-Y zeolite
represented in stick mode (Si and Al light orange; O, light yellow), whereas
Na* cations and Cr, C and H atoms of the Cp,Cr molecule are presented
as orange, violet, grey and white spheres, respectively. Part (b): Ball-and-
stick representations of the complexes responsible for the IR bands shown
in part (a): neutral Cp,Cr(CO) (band labelled with a blue circle), cationic
[Cp,Cr(CO)I* complex (weak band labelled with a red square) and anionic
[CpCr(CO)3]™ complex (three bands labelled with red triangles). Previously
unpublished figure reporting data from ref. 866 and 867.

inferred and supported by parallel Cr K-edge EXAFS analysis.**®¢”

This reaction requires the presence of two Cp,Cr molecules inside
the same supercage, as shown in the top-left inset in Fig. 35a.

9.1.2. O, activation of H-Cu-SSZ-13 catalyst: in situ inde-
pendent IR and XANES studies. Activation of a zeolite is a
fundamental step for both catalysis and characterization pur-
poses. In fact, the evacuation of water and other molecules
adsorbed in the channels and cavities is necessary in catalysis
to make the active sites accessible to reactants. Incomplete
activation would result in residual water molecules, which may
block the activity of a fraction of the sites. The same is true when
activation is aimed to study the zeolite with a specific probe
molecule; the simultaneous presence of water may prevent adsorp-
tion of the probe and/or may result in misleading results because
of competition for the adsorption on the same site.

IR spectroscopy is one of the best characterization techni-
ques for following the progressive activation of a zeolite and to
confirm the completeness of the process, because both the
stretching (OH) and bending 6(HOH) modes of the water
molecule are IR-active with a very high molar absorption
coefficient (see Section 6.1); this makes possible the detection
of very small amounts of adsorbed water molecules by IR
spectroscopy. This important IR check allows to avoid starting
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a catalytic test or characterization study using samples that are
not properly activated.

Fig. 36a shows the dehydration of H-Cu-SSZ-13 zeolite in an
0O, flow in the 30-400 °C range as monitored by in situ FTIR
spectroscopy. The desorption of adsorbed water molecules is
confirmed by the disappearance of both the huge and broad
absorption in the 3600-2600 cm ™' range, which is due to the
1(OH) mode of H-bonded water molecules (see Section 2.2),
and the narrower and better-defined band at 1623 cm™".%""%7
As the spectra are not subtracted, framework contributions, i.e.,
overtones from »(T-O-T) modes, are always visible in the series
at 1998, 1858, 1680 and 1535 cm™ ". The total disappearance of
the 1623 ecm ™' band at 250 °C (bold grey curve) is an indication
that molecular water is almost completely desorbed at this
temperature (as observed from the magnification in the inset of
Fig. 36a). The gradual appearance of 3611 and 3584 cm ™' bands
related to the 1(OH) of non-H-bonded Brensted groups is also
observed, together with that of free silanols located on the
external surface of the zeolite (3737 cm ™' band) and a compo-
nent that is peculiar to this zeolite at 3656 cm™*, which is
assigned to [Cu"™-OH]" groups.'®"*®® Finally, it is interesting to
note that for temperatures ranging from 30 to 200 °C, the band
at 2420 cm ' increases in intensity. Prior studies on the
adsorption of water on protonic zeolites, reviewed in depth
here in Section 2.2 (see Fig. 2), demonstrated that this band is
due to Fermi resonances between perturbed zeolitic O-H
stretching and O-H bending overtones of hydrogen-bonded
water molecules and that its intensity is most clearly evident
at moderate water coverages in the zeolite,'3%14%177,:200,873,874

Borfecchia et al>®® have supported the laboratory time-
resolved IR experiment reported in Fig. 36a by a parallel XAS
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experiment performed at the ESRF synchrotron (Fig. 36b) to
follow the evolution of the coordination and oxidation state of
copper cations. The loss of water molecules coordinated to Cu®*
cations is confirmed by the decrease in the white line (main
resonance around 8995 eV). In agreement with the IR experi-
ment, this desorption occurs in the 30-250 °C interval, whereas
the XANES spectra collected in the 250-400 °C interval are
almost unchanged. The presence of O, in the outgassing flow
guarantees the retention of the +2 oxidation state of copper
species, as confirmed by the 1s — 3d weak (because dipole-
forbidden) transition at 8977.5 eV, which is peculiar of Cu®*
species (d’ cations). Activations performed in the absence of O,
(under vacuum or flux of inert gas) follow a similar path till
250 °C, when all H,O molecules adsorbed on Cu?" are lost,
whereas the 250-400 °C interval results in a progressive and
almost complete Cu** — Cu® reduction (Fig. 36c).>*®* The
EXAFS parts of the XAS spectrum (not shown here) reveal that
in fully dehydrated conditions, Cu" exhibits less coordination
to framework oxygen atoms than Cu®'.

In Section 9.3.1, we will review the same experiment per-
formed by Kwak et al.,"*® where both IR (in diffuse-reflectance
mode) and XANES spectra were collected simultaneously at the
synchrotron (see Fig. 45). This approach has the evident
advantage that IR and XANES spectra are collected on exactly
the same sample in the same environmental conditions, allow-
ing an almost direct one-to-one comparison between IR and
XANES spectra collected along the temperature series; “almost”
because the acquisition time for collecting one spectrum is not
the same for the two techniques. The price to pay for this
important benefit is related to compromises in the experi-
mental set-up that must be made to allow both techniques to
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Fig. 36 Part (a): Dehydration of H-Cu-S5Z-13 zeolite in an O, flow (30 ml min~%; O,:He = 1:1) as monitored by in situ FTIR spectroscopy. Spectral
colors refer to different temperatures: the bold blue curve to 30 °C, the bold grey curve to 250 °C, the bold red curve to 400 °C, and thin black curves to
intermediate temperatures. The inset shows a magnification of the signal related to the 6(HOH) bending mode of molecularly adsorbed water (spectral
region highlighted by the orange box in the main panel). Part (b): In situ temperature-dependent XAS data collected during O, activation of H-Cu-SSZ-13
in the 30-400 °C range. The main part shows the XANES spectra collected at ESRF BM23. The inset shows the magnified, background-subtracted,
1s — 3d pre-edge peak typical of the d° Cu(i) cation, highlighted by the orange box in the main panel, for selected intermediate temperatures. Part (c):
Similar to part (b) for He activation of the H-Cu-SSZ-13 catalyst. The final spectrum collected on an O,-activated H-Cu-SSZ-13 sample at 400 °C is also
shown for comparison as a red bold dashed curve. Adapted with permission from ref. 363, copyright Royal Society of Chemistry, 2015.
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be simultaneously operative, which differ from the ideal set-up  containing systems with CHA topology.'®> Most of the studies
for each separate technique. This results in lower quality of the have been performed on low-Al-content CHA, namely, SSZ-13
collected spectra, which can be clearly observed by comparing and SAPO-34, which is the aluminum phosphate homologue,
both the IR and XANES parts presented in Fig. 45 and 36. by varying both the source of copper and the exchange proce-
9.1.3. NH;-SCR reaction followed in situ on Cu-SSZ-13 dure. '61162:363,364,430,436,890-892,894,895,899-901 The regson for this
catalyst. The current technology of choice for reducing NO, interest in the CHA framework is related to its advantages with
emissions from power plants and exhausts from diesel-driven respect to other frameworks (MFI, BEA, and MOR), which
vehicles is based on the selective catalytic reduction (SCR) of include a wide thermal stability range and high activity during
nitrogen oxides by ammonia (NH3-SCR).****”* The best known lean combustion, e.g. in fuel-efficient diesel engines.
catalysts for this reaction are V,05 supported on TiO,*”> % and Despite the fact that reaction (40) has been known since
Co-,>70881882 R 3728837887 o (Cy.'0%303,304,374,430,888°899  many years, its precise mechanism and rate-determining step
exchanged zeolites. See Section 3.1.2 for a review of the IR are still under discussion. Very recently, Cu-SSZ-13 has been
characterization of Cu-exchanged zeolites using N,, CO and considered as a model system for proposing a fully consistent

NO probes. catalytic cycle based on a single redox-active copper center
In NH;-SCR, NO is reduced by ammonia to N, and H,0, cycling through the oxidation states +1 and +2,** as shown
according to the following equation: in Fig. 37a. All the species reported in the cycle have been

identified by parallel FTIR, EPR, XANES and EXAFS studies
supported by DFT calculations. The proposed cycle is based on

Among the Cu-exchanged zeolites, in the last few years, great the presence of copper species and stable charge-neutral gas-
effort has been devoted to studying a large variety of copper- phase molecules only, avoiding the use of 1/20, or the

4NO + 4NH; + O, — 4N, + 6H,0. (40)
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Fig. 37 Part (a): Reaction mechanism of the NHz-SCR reaction in a Cu-zeolite according to Janssens et al.*®* The fast SCR cycle is represented in blue and
the NO activation cycle is represented in black. Reactants are indicated in red, reaction products are indicated in black, and the NO, intermediate is indicated
in green. In the standard SCR reaction, egn (40), the NO activation cycle and fast SCR cycle proceed at equal rates; the stoichiometry of the standard SCR
reaction is then found by adding these two cycles. The oxidation states of the Cu ions have been assigned according to the magnetic moment found via
DFT: M(Cu?*) > 0.45 and M(Cu*) < 0.1. Part (b): Dynamic FTIR difference spectra of the adsorption of NHs onto Cu-$5Z-13 at T = 100 °C with a flow rate of
50 ml min~! (feed: 1300 ppm NHs, He = rest). The spectrum of O,-activated material at 400 °C (bold red spectrum in Fig. 36a) has been used for
subtraction. Black curve: O,-activated material before adsorption of NHz. Red curve: system saturated with NHs. Grey curves: intermediate adsorption
steps. The inset shows the normalized absorption of the 1460 and 1624 cm™ bands as a function of the exposure time to the NHz/He mixture. Part (c):
Operando XANES spectra collected during reduction and oxidation in SCR over Cu—-CHA (2.6 wt% Cu) at 200 °C in the following consecutive steps: (a) initial
oxidation in 1000 ppm NO/O, = 1:10 (dashed black curves); (b) reduction in 1200 ppm NHz/1000 ppm NO (solid red curve); (c) re-oxidation in 1000 ppm
NO/O; = 1:10 (solid gray curve). The inset shows the background-subtracted XANES Cu?* 1s — 3d dipole-forbidden transition pre-edge peak, which is
proportional to the amount of Cu?* species. Part (d): Similar to part (c) for EPR spectra. Part (e): Similar to part (c) for IR spectra. Parts (a) and (c)-(e): Adapted
with permission from ref. 364, copyright American Chemistry Society, 2015; part (b) adapted with permission from ref. 902.
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Fig. 38 Background-subtracted dynamic FTIR spectra of the interaction of NO + O, with pre-adsorbed NH3z on Cu-SSZ-13. Parts (a) and (b) show series
of spectra collected in the 0~10 min and 10~60 min ranges of contact time with NO + O, respectively. T = 200 °C, flow rate = 50 ml min~*. Feed: NO =
1000 ppm, O, = 10%, He = rest. The spectrum of Cu-SSZ-13 pre-saturated with NHz at 200 °C (bold red spectrum in Fig. 37b) has been used for

subtraction in both (a) and (b). Adapted with permission from ref. 902.

migration of charged species to match the stoichiometry of the
reaction. Moreover, the suggested mechanism is relevant for
the low end of the temperature interval relevant for the SCR
reaction on these materials (250-300 °C), whereas other reac-
tions may become important under harsher conditions. The
steps of the suggested cycle have been followed spectroscopi-
cally by the combined use of XAS (operando), EPR (in situ) and
IR (operando), as shown in Fig. 37c-e, respectively. Cu-SSZ-13
has been characterized by activation in diluted oxygen at 400 °C
(see Section 9.1.2, Fig. 36a) and then contacted by ammonia in
the gas phase at 100 °C. The effect of this treatment is indicated
in Fig. 37b as a difference plot. The negative bands, corres-
ponding to bands that have disappeared, are due to the {OH)
modes of silanols (3737 cm "), Bronsted sites (3611 and 3584 cm ™)
and [Cu™OH]" groups (3656 cm '); the latter species being
also characterized by the perturbation mode of the framework
[TO,] units at 905 cm ™", which is not visible in the spectral range
shown;'¢%1%363 this has also been discussed in Section 3.3.1.

Starting from a low contact time of exposure to NH3, the low-
frequency region is dominated by two maxima at 1624 and
1460 cm ™', which are assigned to asymmetric N-H bending
vibrations of molecular NH; adsorbed on Cu®*" Lewis sites and
N-H bending vibrations of protonated NH; stabilized on
Bronsted sites, respectively.'®® The multiple broad vibrational
bands in the 3500-3000 cm ' range are attributed to N-H
stretching vibrations of both NH," and molecular NH;, whereas
the bands in the 2500-1700 cm™ " region are often assigned
solely to NH,"."®> The fact that 1624 and 1460 cm ' bands
develop with a similar dynamic trend as a function of the
exposure time (see the inset in Fig. 37b) suggests comparable
acid strength of Lewis and Brensted adsorption sites. The
growth in intensity of the 1460 cm™" band is accompanied by
a decline in the bands associated with 1{O-H) modes of Brgnsted
sites (negative bands observed at 3611 and 3584 cm™ '), which is
due to the protonation of NHj; at these specific sites with the
consequent formation of NH," ions. Negative bands are also
observed at 3737 and 3656 cm ™, which indicates that NH; could
also interact with the less acidic silanols and CuOH sites,
respectively.

This journal is © The Royal Society of Chemistry 2015

To better investigate the difference in reactivity between NH;
adsorbed on Cu sites and on Brgnsted sites, pre-adsorbed NH;
was contacted with NO + O, at 200 °C as a fixed temperature
(Fig. 38). Part (a) shows spectra collected in the first 10 minutes
of contact time with NO + O,: gradual consumption of mole-
cular NH; on Cu sites is observed, as indicated by the negative
bands at 1625 cm™' and 1279 cm™'; the latter contribution
being assigned to symmetric N-H bending vibrations of molecular
NH; adsorbed on Lewis sites.’® These two bands completely
disappear after 10 minutes. Concomitantly, negative bands of
the corresponding stretching vibration modes (3348, 3272 and
3182 cm™ ") are clearly observed. Interestingly, at these low contact
times, the band at 1460 cm ™" does not decrease in intensity, but is
only slightly enhanced as a consequence of water formed via SCR.
Only at longer contact times (see Fig. 38b) does the maximum at
1460 cm™ " start to decrease in intensity, almost totally disappearing
after 50 minutes of exposure time. These results provide evidence
that NH; adsorbed on Cu sites is more reactive towards NO + O,
than NH; adsorbed on Brgnsted sites. The fact that the latter
species starts to react only when Cu sites are ammonia-free could
be interpreted in two different ways. Assuming that the SCR
reaction takes place at the metal center of the catalyst, the migration
of ammonia molecules from Brgnsted sites to Cu sites is likely.
According to this view, if Brensted sites are located close to Cu ions
in the zeolite, it is conceivable that a NO, molecule on a Cu ion can
interact directly with a NH; molecule on a neighboring Brensted site,
making the reaction possible without the desorption of NO,. Alter-
natively, NO, could be produced in situ and desorbed from the metal
centers, allowing gas-phase NO, to interact with NH; adsorbed on a
Bronsted site. This second hypothesis is reinforced by the fact that
NH; pre-adsorbed on H-SSZ-13, i.e. only NH; adsorbed on Brgnsted
sites is present, does not show any reactivity towards NO + O,, but
only towards NO,. A possible pathway for the in situ formation of
NO,(g) over Cu sites is represented by the reaction of NO with Cu
nitrate species according to the following equilibrium:**

Cu”"--.NO;~ + NO(g) < Cu**---NO,™ + NO,(g). (41)

The formation of nitrate species stabilized on Cu®" sites, ie.
Cu?"...NO; ™, upon interaction with NO + O, is well known.*®
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In the experiment reported in Fig. 38b, the formation of these
species was confirmed by the appearance of maxima at 1627
and 1570 cm™* at long NO + O, contact times.

9.2. Operando experiments on zeolite catalysts

Operando spectroscopy consists of the simultaneous spectro-
scopic characterization (by IR, Raman, UV-Vis, EPR, XANES,
and EXAFS, as discussed in Section 9.3) of surface species and
determination of catalytic activity and selectivity.>> Herein, we will
limit our discussion to vibrational spectroscopies. By establishing
relationships between the nature and concentration of surface
species on the one hand and the catalytic activity on the other
hand, important insight into surface reaction mechanisms can be
obtained. In the steady state, however, the concentrations of surface
intermediate species are often very low, except in favorable cases
(e.g. low temperatures or high absorption coefficients), the concen-
tration of the not very reactive most abundant reactive intermedi-
ates (mari).”**°* Their identification by IR or Raman spectroscopy,
however, can be crucial in understanding the reaction as it may, for
instance, help to decide between plausible reaction mechanisms
proposed in the literature. Other surface species that can be
sufficiently abundant to be observable are those that accumulate
on an inactive part of the catalyst and do not participate in the
reaction (spectator species).”® Although such species are not gen-
erally worth studying, their observation during the reaction can
sometimes be misleading and a lot of care should be taken to
distinguish them from species that actually take part in the
reaction. Much more important are the species that accumulate
on the active sites, leading to a decrease in the reaction rate (poison
species). Such species can naturally form during the reaction as a
(side) product or be added in the feed. In both cases, the study of
these species (structure and location) implicitly gives important
information on the nature of the active sites they are blocking. In
the following section, typical examples are given that illustrate how
operando IR spectroscopy studies can provide insight on the
mechanisms of reactions that occur within zeolite pores.

9.2.1. Operando for characterizing the active Bronsted
acidic sites in hydrocarbon conversion reactions. To the best
of our knowledge, the earliest operando study carried out on a
zeolite-catalyzed reaction was published by Ward nearly 50 years
ago,’®® who recorded the IR spectra of H-Y hydroxyl groups
during cumene cracking. He reported a simultaneous increase
in catalytic activity and decrease in free hydroxyl groups with the
reaction temperature, which he assigned to an increase in the
interaction of cumene with the zeolite active sites; however,
without excluding the formation of coke species. Although this
interpretation is now highly disputable (the catalytic activity
actually increased with temperature despite both a lower cover-
age of OH groups by cumene and coke formation), this early
study clearly showed that “by studying a catalytic reaction by
in situ [operando] infrared spectroscopy, new evidence concern-
ing the centers of adsorption and catalytically active sites can be
obtained”®°® and opened the way to further studies. Therefore,
in the early 1990s, Saussey et al.’”” studied the transformation of
cyclohexene over H-Y zeolites and were able to establish relation-
ships between the simultaneous decrease in the amount of
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zeolitic OH groups (assessed by the intensity of the 1{OH) bands
(see Section 2.1 above)), the formation of ‘coke’ species (evidenced
by the 1(CC) bands at ca. 1600 cm %), and catalytic activity (changes
in conversion and selectivity). They could show, in particular, that
the most acidic OH groups were primarily responsible and affected
by coke formation.

Another strategy allowing the establishment of relationships
between Brgnsted acid sites and catalytic activity involves the
selective in situ poisoning of zeolite Brgnsted acid sites. Such an
approach was used by Jolly et al.’°® in the case of n-hexane
cracking on dealuminated zeolites by dosing known amounts
of lutidine, which is a probe molecule that is very selective for
Bronsted acid sites; they could determine the particular role of
strongly acidic OH groups at 3600 cm ™' (see Section 2.1 above)
in this reaction and exclude the participation of Lewis acid sites
in the catalytic activity.

More recently, Marie et al°® used ex situ Na'-selective
poisoning of the Brgnsted acid sites of mordenite zeolites to
provide experimental evidence for the catalytic role of each type
of OH group in these zeolites. A similar strategy, although not
using operando spectroscopy, has also been recently used by
Gounder and Iglesia to determine the individual activities of
mordenite OH groups for the protolytic cracking of light
alkanes.’’® As already discussed in Section 5, mordenites have
two very different pore systems: 12-MR main channels and
8-MR side pockets (Fig. 22). The three different types of acidic
OH groups (already mentioned in Section 5.4.1) are located in
the main channels (crystallographic position O), the side
pockets (Oy), and the interconnecting window (O,). During
the progressive introduction of sodium by cation exchange of
the zeolite, hydroxyls OgH are removed preferentially (in the
side pockets), followed by the exchange of O,H and O,H at last.
Using a series of progressively exchanged mordenites with
increasing sodium content, the selectivity of xylene isomeriza-
tion (Fig. 39a) was progressively tuned to decrease the extent of
disproportionation (Fig. 39b), and then to increase the produc-
tion of toluene while that of trimethylbenzene was suppressed.
By comparing the intensity of v(OH) for each of the three
possible locations of OH groups (Fig. 39c) with the simulta-
neously collected gas-phase chromatography data (Fig. 39d), it
was possible to assign the various reactions, which produced
each of the products, to a specific acidic OH group at a specific
location in the pores. The role of sodium atoms could also be
understood: Na' in the side pockets would favor the adsorption
of trimethylbenzene at the window opening, thus changing the
available space in the main channels. Constrained hydroxyls in
the side pockets were not accessible to the reactants under the
reaction conditions, but their presence led to a global increase
in activity without any modification in selectivity. Acid strength
considerations, together with the observation of “working
hydroxyls,” indicated an indirect effect of OoH on the overall
activity, which was probably related to a modification in the
void space inside the micropores.

9.2.2. Operando studies on ion-exchanged zeolites. In
contrast to acid zeolites (see Section 2), the active sites of
ion-exchanged zeolites are not detected by IR spectroscopy

This journal is © The Royal Society of Chemistry 2015
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Fig. 39 The two main routes for o-xylene conversion over acidic catalysts: Part (a): Isomerization, which gives a mixture of m-xylene and p-xylene. Part
(b): Disproportionation, which gives toluene and a mixture of trimethylbenzene isomers (1,2,3-, 1,2,4- and 1,3,5-TMB). Part (c): Left: IR spectra in the
Vv(OH) stretching region for selected HyNa; _, MOR samples (at different proton exchange rates: 13 < x < 100) collected at 573 K before reaction with o-
xylene (—) and after 1 min reaction (eee). Right: As the left part with the (eee) spectra collected after 3 h reaction. Spectra in dashed lines (- - -) correspond
to subtraction between (—) and (eee) and represent the hydroxyls consumed during the reaction. Spectra in the bottom right-hand corner represent the
spectra expected for constrained and unconstrained OH (at high and low frequency, respectively) at 573 K before reaction. Part (d): Evolution of the
selectivity for disproportionation products with the acidic hydroxyls content for isoconversion (42%) conditions obtained during the first moments of
reaction at 573 K. >_TMB represents the sum of trimethylbenzene isomers. O;H, O,H and OgH are the three possible crystallographic locations of OH
groups. Reproduced from ref. 909 with permission, copyright Elsevier, 2005.

(see Sections 3 and 4), and spectroscopic observations are
therefore limited to the spectra of adsorbed species, from
which one has to infer the nature or structure of the corres-
ponding active site. Recent IR operando studies carried out over
alkali-exchanged zeolites will be illustrated here by the study of
Groult et al.,”™* who studied the conversion of methylbutynol
(MBOH, 2-methylbut-3-yn-2-ol, (CH;),C(OH)C = CH) over Na-X
zeolite. The understanding of the transformation of methyl-
butynol is of interest because it has been proposed as a test
reaction for acid/base properties, allowing the discrimination
of basic, amphoteric and acidic catalysts on the basis of their
product selectivity. Basic surfaces, in particular, lead to the
decomposition of MBOH into acetone and acetylene.”*> More-
over, when carried out over a series of basic zeolites, the yield of
this process generally follows the trend that is expected from
the basicity of framework oxygen (see Section 4.1 above).
However, rapid deactivation generally occurs; thus, the rele-
vance of this test reaction with respect to the basic properties of
the fresh catalyst may be questioned when the activity is
reported in the steady state.”’" To deal with rapid deactivation,
Groult and co-workers monitored the catalytic activity of a Na-X
zeolite using micro-GC, which enables a time resolution of the
order of 150 s, in parallel with the spectroscopic characteriza-
tion of surface species. Examination of the v(=C-H) stretching
band (see Fig. 40a) allowed three types of adsorbed MBOH
species to be distinguished: species A, which interacts with the
acid-base pairs of the zeolite through their OH groups and

This journal is © The Royal Society of Chemistry 2015

leads to a nearly free (= C-H) frequency at ~3325 cm '

species B, which forms a n-coordination complex with the Na*
cation characterized by 7(= C-H) = 3277 cm™'; and species C,
which is a =C-H---O hydrogen-bonded complex with the
basic oxygen centers resulting in #(=C-H) = 3215 cm ™', as
shown in the corresponding schemes in the insets of Fig. 40a.
On the basis of mechanistic considerations, only the former
species A, which has a much lower concentration than B or C,
was proposed as the adsorbed intermediate that leads to the
observed products (acetone and acetylene), whereas species B
and C would be spectator or reservoir species.”’! Moreover, a
striking feature of these spectra (Fig. 40b) is the continuous growth
of intense bands at 1690-1703 cm ™', which are characteristic of
C=0) stretching vibrations, during the deactivation period; the
authors have assigned these to the surface accumulation of acetone
and its dimerization product coordinated to extraframework Na*
cations, which block the dissociation of MBOH.”*

9.2.3. Plasma on zeolites and operando IR. Plasma-assisted
heterogeneous catalysis is a new and quickly expanding
field.”**°*” Gas-phase processes are very fast under plasma
conditions and the role of the surface is hardly understood.
Tracking adsorbed species by operando infrared spectroscopy is
one of the few methods for obtaining information on the
reaction mechanism. Infrared spectroscopy inside a plasma
reactor showed that template removal in a zeolite was possible
at very low temperatures. With respect to the calcination
process, the use of plasma also allowed retaining a small crystal

Chem. Soc. Rev., 2015, 44, 7262-7341 | 7313


http://dx.doi.org/10.1039/C5CS00396B

Published on 05 October 2015. Downloaded by Rostov State University on 06/11/2015 08:50:32.

Chem Soc Rev

~ 3272 cm™
(a) 3 i (b)
0.5 abs. u. "‘"/ H vC:c+ CH,
| = o
o
. & 2
3325 cm? A o 2.0 abs. u. |
H—C=C CH,
H—O
si 3
................... oy
[\]
<
] (=
[0)
o <
Ro =
e |
=2
(0o
i
e
a
[ I [ T I
3800 3400 1800 1600 1400
Wavenumber (cm™?) Wavenumber (cm™?)

Fig. 40 Evolution of operando DRIFT spectra registered at 413 K during
the deactivation period of the transformation of MBOH over Na-X. Part (a):
Spectra in the 3900-3100 cm™! range at 0 min (introduction of MBOH in a
carrier gas; spectrum a) and at 20 min, when reaching the steady state
(bold spectrum e). The complex ©(=C-H) band exhibits three features
assigned to reactive species (MBOH species A) and non-reactive specta-
tors (MBOH species B and C). Part (b): Spectra in the 1800-1200 cm™
range, showing the accumulation of ketonic species during the deactiva-
tion period; spectra similar to that in part (a). Adapted with permission from
ref. 911, copyright Royal Society of Chemistry, 2010.

size of nanoparticles of beta zeolite and even reduced Pt inside
the pores without any sintering of the metal or zeolite nano-
particles. The nature of the active species for the removal of
hydrocarbons is still an open question.

Operando observation of surface species during template
removal in an argon or oxygen plasma showed that the most
active species originated in water (Fig. 41).°* The intensity of
the infrared band for hydrocarbons (¢(CH) at 2900-3000 cm ™,
Fig. 41a-c) was plotted vs. time during the reaction and
compared with the intensity for adsorbed molecular water
(6(0H) at 1630 cm ™). In an Ar plasma, hydrocarbon decom-
position starts quickly and nearly stops after 5 s, when all water
is removed from the surface. With an O, plasma, hydrocarbon
decomposition starts at the same rate, but when all residual
water is removed, the reaction still proceeds at a reduced pace
(Fig. 41d), which is probably due to the presence of ionized
oxygen that leads to ozone in the micropores. This ozone is the
main agent for the decomposition of hydrocarbons in the
second stage of the reaction. These experiments were per-
formed without external heating, and the temperature in the
solid remained below 150 °C. This showed that the most active
species for the decomposition of hydrocarbons inside the pores
of a zeolite under plasma originates from the ionization of water.
The radicals that are generated are very active species and can
remove hydrocarbons and templates (or even reduce Pt in that
specific example) in the pores of a zeolite at very moderate
temperatures below 150 °C, as confirmed by a TEM investigation
(inset in Fig. 41e) and an IR study of adsorbed CO performed on
Pt-f samples after treatment with cold O, plasma (Fig. 41f).
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9.2.4. Operando IR studies in photocatalysis. The use of
operando spectroscopy in photocatalysis on zeolites can be
performed by adapting an operando reactor cell; thus, UV light
is brought to the surface of the catalyst together with an
infrared beam,”® as shown in Fig. 42a. Mechanisms and surface
species in photocatalysis are not well known and following the
surface intermediates during the reaction provides very valu-
able information.

Using lasers as a light source, very short-lived transient
species could be studied on metal oxides.”*® In an experiment
at 10 ms time resolution, following 300 ms laser pulses in an
ATR cell, surface superoxide species were shown to be kineti-
cally competent intermediates in the photooxidation of water
on 5 nm nanoparticles of Co;0,: the measured lifetime of
superoxides was in the same range as the duration of the
illumination pulse needed to produce O,.

The decomposition of methanol by photocatalysis on
titania-functionalized B zeolite (TiO,/B) was followed at a more
moderate time resolution.** Many key surface intermediates
were detected, and the complexity of surface reactions was
indicated by the different temporal behavior of adsorbed formyl
species (monodentate formates: formic acid or methyl formate)
and bidentate surface formates (Fig. 42b and c).

Reaction mechanisms in photocatalysis were further studied
by combining operando spectroscopy with SSITKA (steady-state
isotope transient kinetic analysis).”>® In this approach, while
the reaction proceeded in a steady state on the catalyst, a
reactant is suddenly replaced by its isotopically labeled version.
Surface spectroscopy shows the rate of the replacement of the
chemisorbed species by their labeled version, whereas online
gas analysis shows the introduction of the labeled moiety into
the final product. By comparing the two kinetic, linking a
reaction product to surface intermediate species becomes
straightforward, leading to the direct determination of reaction
pathways. In the example shown in Fig. 43, natural methanol is
suddenly replaced in the reactant flow by **C-labeled methanol
and 3.5 min after the change, natural CO, is replaced by labeled
3C0, in the product flow exiting the reactor. However, on the
surface of the catalyst, formate species are exchanged at a much
slower rate, which shows that most surface formate species are
not active intermediates but rather spectator species. It is only a
minor fraction of surface formates that lies on the direct
reaction pathway.

Operando IR is also about to approach important questions
about quantitative results in heterogeneous photocatalysis: the
determination of the number of active sites is a very difficult
challenge and actual turnover numbers are at present out of
reach. Operando IR spectroscopy will probably be a key tool for
their determination, and this is now an important research field.

9.2.5. MTH reaction followed by operando Raman. Raman
spectroscopy is based on the so-called Raman effect,®*?3!
where monochromatic light interacts with matter; thus, photon
energy is either transferred to or from matter (inelastic scatter-
ing). The difference or shift in energy between the laser excita-
tion and the scattered light is related to rotational, vibrational,
phonon or spin-flip processes in the sample. Due to the usually
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Fig. 41 Part (a): Time-resolved (0—25 s) operando IR spectra of template removal of Pt-B in cold Ar plasma. t = O s corresponds to the introduction of
the plasma into the cell. Platinum was introduced into H-p as Pt>* via ion exchange with [Pt(NHz)4(NOs),] salt (0.75 wt% Pt). Part (b): Similar to part (a) for
Pt-B in cold O, plasma. Part (c): Similar to part (a) for parent H-B in cold O, plasma. Part (d): Quantification of the percentage degradation (D) of the
template (squares) and desorption of residual water (circles) for Pt-p in O, or Ar plasma (P = 350 Pa, half and full symbols, respectively) as a function of
time, measured via the variations in intensity of the characteristic IR bands shown in parts (a) and (b) for the template modes. Part (e): TEM image of Pt-
nanoctrystals after treatment with cold O, plasma, as reported in part (b). The inset reports an higher magnification image. Part (f): IR spectra of C
adsorbed on Pt-B nanocrystals after treatment with cold O, plasma. Reproduced from ref. 922 with permission, copyright Wiley-VCH, 2010.

low Raman cross-sections of molecules and solids, high-
powered lasers need to be applied to produce a detectable
signal. One inherent problem is therefore the risk of laser-
induced damage in the sample. A critical issue, in particular in
the field of heterogeneous catalysis, is that laser-induced heat-
ing may also lead to a significant temperature gradient between
the integral catalyst bed and the sampling point.*"**?*?> How-
ever, in the case of operando Raman spectroscopy, it is very
important to know the exact temperature at which the chemical
transformations occur. In the cases of both laser heating and
laser damage, the final goal of operando spectroscopy, namely,
to establish some kind of structure-reactivity relationship, will
be biased.**

For these reasons, researchers in the field of heterogeneous
catalysis have attempted to design special experimental set-ups
to circumvent laser-induced heating and damage while still
using high-powered lasers, by reducing the contact time
between the laser spot and the sample by either moving the
solid catalyst or the laser beam in a continuous manner.?®->%%
In this regard, of particular interest is the new technology for
homogeneously fluidizing catalyst particles inside a microreactor
and allowing Raman spectra of heterogeneous catalytic reactions to
be monitored with high-powered lasers without the drawbacks of
laser heating or damage, which has recently been developed at
Haldor Topsge A/S by Beato et al.**

The authors modified a commercial CCR1000 catalyst cell
from Linkam Scientific Instruments (Fig. 44a). The reaction gas
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flows downwards from the top to the bottom of the reactor,
passing through the sample, which is supported in a ceramic
sample holder on a ceramic fiber filter. Fluidization is achieved
via a microdevice placed downstream from the reactor, which
provokes pressure oscillations in such a way that the flow
direction is reversed in discrete pulses of about 40-100 Hz.
The particles are lifted upwards by the reverse-flow pulses but
the net flow direction is still downwards and thereby ensures
that the particles stay in the sample holder (Fig. 44b).** Due to
the particular design of the sample holder and the length and
frequency of the pulses, the particles move homogeneously in a
quasi-circular manner.

With the cell represented in Fig. 44a and b, the authors
investigated the methanol-to-hydrocarbons (MTH) reaction
over H-ZSM-5 (Fig. 44c and d) and H-ZSM-22 (Fig. 44e and f)
catalysts using operando conditions. This reaction is of major
relevance for the modern oil industry, because liquid hydro-
carbon fuels play an essential part in the global energy chain,
owing to their high energy density and ease of transporta-
tion.?#388933 Olefins play a similar role in the production of
consumer goods. In a post-oil society, fuel and olefin produc-
tion will rely on alternative carbon sources such as biomass,
coal, natural gas, and CO,. The MTH process is a key step in
such routes and can be applied for the production of gasoline-
rich (methanol-to-gasoline; MTG) or olefin-rich (methanol-to-
olefins; MTO)®® products. The major problem that is related to
the MTH, MTG and MTO reactions is the slow formation of
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Fig. 42 Part (a): Longitudinal (left) view and radial (right) view of the reactor-IR cell modified for UV study of catalysis. (1) adjusting nut for airtightness
(modified for UV guide position), (2) IR beam, (3) UV light guide, (4) Kalrez O-ring, (5) KBr windows, (6) spectrometer base plate, (7) IR cell support, (8) oven
location, (9) sample (wafer), (10) gas inlet, (11) external shell, (12) wafer holder, (13) thermocouple location, (14) air cooling outlet, (15) gas outlet, (16) air
cooling inlet. Part (b): Evolution of IR spectra at RT during photooxidation of methanol (1% methanol in No/O, 20%/79%, vol%, 25 cm?® min™?) vs. time for
species adsorbed on TiO,/B during UV irradiation (result of subtraction from spectra before irradiation). Part (c): Evolution of integrated band area of CO
and formate species (OCO) during UV irradiation. t = O min corresponds to the time when irradiation was commenced. Reproduced from ref. 43 with

permission, copyright Elsevier, 2013.
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Fig. 43 Part (a): Evolution of the IR band intensities for adsorbed species on TiO,-P25 versus irradiation time. t = O represents the isotopic exchange
from 2CH3OH to ¥CHsOH in the feed. Part (b): Similar to part (a) for the final products detected in the gas phase. Reproduced from ref. 929 with

permission, copyright American Chemical Society, 2013.

coke that takes place inside the zeolite pores, and catalytic
activity must be restored by controlled burn-off of coke. There-
fore, their industrial application consists of parallel reactors,
allowing for intermittent regeneration.

In the operando study by Beato et al.,** CH;OH was first
introduced gradually by means of three small pulses (red curves
in Fig. 44c and e) and then by a prolonged dosage (blue curves
in parts (d) and (f)). The reaction products were followed semi-
quantitatively by online mass spectrometry (results not
reported here). Finally, the methanol feed was stopped and
the whole reactor was flushed by a He stream (20 ml min ") to

7316 | Chem. Soc. Rev., 2015, 44, 7262-7341

remove weakly adsorbed species formed upon the reaction of
methanol (green curves in parts (d) and (f)).

In the case of H-ZSM-5, right from the first pulse, a band at
1602 cm ™' starts to grow, whereas upon the second and third
pulses, two more bands at 1376 and 1225 cm™ " start to grow
(red curves in Fig. 44c). At the same time, the intensity of the
bands related to the framework vibrations of H-ZSM-5 is
strongly reduced. It is clear that during this phase, hydrocarbon
molecules start to build up in the pores of the zeolite. The fact
that the band at 1602 cm ™" starts to grow first could indicate
that some non-cyclic olefins (e.g: butadienes or pentadienes, etc.)

This journal is © The Royal Society of Chemistry 2015
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Fig. 44 Part (a): Detailed sketch of the Linkam CCR1000 reactor connected with MS for product analysis. Part (b): Schematic drawing of the sample
holder with indications of the flow, using arrows to illustrate the fluidization principle. Parts (c) and (d): Operando Raman spectra of H-ZSM-5 zeolite

during the conversion of methanol to hydrocarbons (MTH), collected using a

n excitation line at 4 = 244 nm. Parts (e) and (f): Similar to parts (c) and (d) for

H-ZSM-22 zeolite. The black spectra in parts (c) and (e) are the Raman spectra after activation in air at 550 °C. The red spectra correspond to the first,

second and third successive pulses of methanol (c and e). The blue spectra

in parts (d) and (f) correspond to the spectra after a long methanol pulse,

whereas the green spectra correspond to subsequent flushing with He. Reproduced with permission from ref. 44, Copyright Elsevier, 2013.

are adsorbed initially and transformed subsequently into aromatic
molecules via cyclization reactions. During the long methanol
pulse (blue spectrum in Fig. 44d), a band at 1361 cm ',
together with a shoulder at higher frequencies, grows signifi-
cantly and becomes even stronger than the 1606 cm ™" band. In
addition, a number of well-defined bands of lower intensity
develop (1289, 1225, 1077, 714, 664 and 570 cm ™ *). This strong
increase in the band at 1361 cm ™!, which is characteristic of the
aromatic breathing mode of benzenes, together with the char-
acteristic bands at lower frequencies indicates that at this stage
the zeolite is filled with polymethylated benzenes and naphtha-
lenes. However, most of these species are not strongly bound to
the zeolite surface and are sufficiently small to be desorbed
again, which is demonstrated by flushing with He at the
reaction temperature (green spectrum in Fig. 44d). The inten-
sity of the band at 1365 cm™ " and the bands between 1300 and
550 cm™ " is halved after flushing with the inert gas. At the same
time, the higher-frequency shoulder develops into a band at
1419 cm ', which indicates that this band is related to some
polycondensed aromatics that are trapped in the zeolite pores.**

For H-ZSM-22, the picture looks generally similar but
some striking differences can be observed. Again, the band at
1606 cm™ " starts to grow first (red curves in Fig. 44e), but
during the subsequent pulses, the band at 1390 cm ™" does not

This journal is © The Royal Society of Chemistry 2015

grow to the same extent as for H-ZSM-5, which indicates a lower
content of aromatic ring molecules. This assumption is con-
firmed during the long methanol pulse (blue curve in Fig. 44f),
where the band at 1390 cm™* grows, but to a much lower extent
than for H-ZSM-5. The higher-frequency shoulder is absent in
the case of H-ZSM-22, supporting the assumption that this
band is related to larger molecules, which do not fit into the
more restricted 1D structure of ZSM-22. Conversely, for H-ZSM-22,
flushing with He at 420 °C (green curve in Fig. 44f) does not
decrease the area of the band at 1390 cm™'. Instead, the
spectrum becomes better resolved and bands below 1300 cm™*
are clearly observed. For H-ZSM-22, the aromatics appear to be
trapped in the zeolite and are not able to be desorbed but are
transformed into thermodynamically more stable aromatic
structures.**

In summary, the operando Raman study by Beato et al. was
able to identify the first steps of the formation of aromatic
molecules inside the zeolite channels, which will progressively
evolve into coke during the catalyst life. They succeeded in
highlighting the role of zeolite topology in this industrially
relevant process. In fact, the ZSM-5 framework (MFI topology;
see structure in Fig. 23f) exhibits a couple of interconnected 10-
membered ring pores running along the [100] (5.1 A x 5.5 A,
sinusoidal) and [010] (5.3 A x 5.6 A, linear) directions, whereas
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the ZSM-22 framework (TON topology; see structure in Fig. 23g)
has a 1-dimensional set of linear channels formed by
10-membered rings with an elliptical cross-section of 4.6 A x
5.7 A.'® On these topological bases, the greater difficulty
in desorbing aromatic products in H-ZSM-22 with respect to
H-ZSM-5 is logical and fully in agreement with the spectro-
scopic study reported in Fig. 44c-f.

A further step in this direction has recently been carried out
by Signorile et al.®> They characterized a pool of representative
polycyclic aromatic hydrocarbons by UV Raman spectroscopy.
An excitation wavelength of 4 = 244 nm was used to exploit the
resonance effect and avoid interference due to the visible
fluorescence typical of these molecules. The polycyclic aromatic
hydrocarbons were analyzed in their pure form, in diluted
solution, and dispersed on high-surface-area microporous sup-
ports. The collected data constitute a reference database to be
compared with the deactivation products observed during
petrochemical reactions, such as MTH, MTG and MTO, offering
the possibility of unequivocally identifying them under Raman
operando conditions.

9.3. Multi-technical operando experiments on working zeolite
catalysts: combining IR and X-rays

The full investigation of complex systems, such as zeolites
under working conditions, requires the combined use of dif-
ferent vibrational (IR and Raman), structural (XRD, PDF, SAXS,
and EXAFS), electronic (UV-Vis, UPS, XPS, XANES, and XES)
and magnetic (NMR and EPR) characterization techni-
ques’162,364,378,383,494,544,545,737,934—950 possibly supported by
DFT Calculations.22‘46’202‘364’536‘537'553'6737736'863'949’951_955

Combining information from different experimental techni-
ques is the only way to avoid the intrinsic limitations that each
technique possesses such as (ia) the inability of XRD to analyze
amorphous phases; (ib) the inability of EPR to detect diamag-
netic species; (ic) the inability of NMR to detect nuclei with zero
spin; (id) the inability of XRD, PDF, and SAXS to discriminate
between different possible oxidation states; (ie) the inability of
standard XRD, PDF, SAXS, IR, and Raman to be element-specific;
(iia) the difficulty of XRD, PDF, SAXS, and EXAFS to detect
elements with low Z and to discriminate between scattering
centers with similar Z values; (iib) the difficulty of EXAFS to
disentangle signals from different phases; and (iic) the difficulty
of all the mentioned techniques, except for UPS, XPS and IR, to
be surface-sensitive.

Possibly, different experiments should be performed sepa-
rately because this is the way to obtain the best spectrum (or
pattern) for each technique. In fact, the different techniques
use photons (electrons for UPS and XPS) of which the
energy differs by several orders of magnitude, and consequently
exhibit completely different penetration depths, which implies
that the ideal sample thickness for different experiments
performed in transmission mode (e.g. IR, XRD, and EXAFS)
can be very different. This is clearly the case for spent catalysts
that are no longer air-sensitive and can be investigated under
ambient pressure, temperature and gas composition condi-
tions, where the experiment consists of a single collection of
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data. In such cases, the simultaneous collection of two or more
sets of spectroscopic (or scattering) data will result in worse
spectra (patterns) than those collected in independent single
experiments.

Conversely, the situation is more complex in studies of a
living catalyst, where particular temperatures and pressures or
specific oxidative/reductive gas atmospheres or reactant flows
are required. Indeed, ad hoc catalytic reactors that allow the
simultaneous collection of spectroscopic or diffraction data
may differ from technique to technique; thus, systematic errors
may arise in two independent experimental set-ups operating
formally under the same conditions. An analogous problem in
the comparison of results that derive from separate experi-
ments may arise when the goal of the experiment is to follow a
characteristic of the sample as a function of an external para-
meter such as temperature, pressure, and reactant feed.
Indeed, in such cases, it may be very important to guarantee
that the spectra (patterns) collected by the different instru-
ments can really be compared, i.e., the external parameter that
is varied during the experiment is really the same in the
collection of data from different techniques. If this key point
cannot be verified, misleading results may be obtained in
comparison of the datasets collected by different techniques.
In these cases, an approach where different datasets are collected
simultaneously for the same sample in the same cell under exactly
the same environmental conditions may be a winning approach,
even if it will be unavoidably affected by degradation of the S/N
quality of the spectra (patterns).

In such cases, important compromises must be reached.
Hard X-rays, which are used for XRD, EXAFS and XANES,
represent penetrating radiation, whereas IR and UV-Vis radia-
tions do not. Optimizing the sample thickness for an X-ray
experiment in transmission mode will imply that the volume
probed by X-rays will be considerably larger than that probed by
IR, UV-Vis or Raman spectroscopies. This limitation is, how-
ever, alleviated in the case of dispersive XAS (or when using
microfocus in other XAS detection modalities), because the size
of the X-ray beam in two dimensions can be tuned, as desired,
in the range from 1 to 100 microns, thus sampling a volume of
the same order of magnitude as IR or UV-Vis. For IR measure-
ment, this implies that diffuse-reflectance mode (DRIFT) should
be used instead of the optimal transmission mode. Such a choice
is the best if the investigated process is supposed to uniformly
modify the sample in all its volume (such as zeolite crystallization
experiments or pressure/temperature-induced solid-state transfor-
mation). If this is not the case, such as an oxidation/reduction
process that evolves from the surface through the bulk, then
much thinner samples must be used with the unavoidable draw-
back of having XAS spectra characterized by a low edge-jump
(Aux) and consequently a poorer S/N ratio and limited counts of
elastically scattered photons in the XRD detector.

9.3.1. O, activation of H-Cu-SSZ-13 catalyst: an operando
IR/XANES and XRPD study. The relevance of Cu-exchanged
zeolites in general and of SSZ-13 zeolite in particular to the
selective catalytic reduction (SCR) of NO by NH; has already
been emphasized in Section 9.1.3 and will not be repeated here.

This journal is © The Royal Society of Chemistry 2015
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Fig. 45 O, activation of H-Cu-SSZ-13 catalyst in the 25—-400 °C range followed by operando DRIFT, parts (a)—(c); XRD, parts (d)-(f) and XANES, parts (g)
and (h). Heating rate: 10 °C min™%; total flow rate: 10 cm® min™%. Part (a): 1(OH) stretching region. Part (b): 6(H-O) bending region. Part (c): Framework
v(Si—0O) stretching region. Part (d): 3D view of the XRPD patterns. Part (e) Selection of XRPD patterns shown in a 2D view in the 20 region of 15.5°-23.0°.
Part (f): Evolution of the a = b and c lattice parameters of the CHA framework (space group R3m) during thermal activation, as refined from the XRPD
data shown in parts (d) and (e). Part (g): Normalized XANES spectra collected during thermal activation. Part (h): Magnification of the weak dipole-
forbidden 1s — 3d transition for the first (25 °C) and last (400 °C) spectrum of the series shown in part (g). The drawing in the centre represents the
experimental set-up available at the X18A beamline of the National Synchrotron Light Source at Brookhaven National Laboratory. Reproduced from

ref. 436 with permission, Copyright Elsevier, 2014.

It has been shown that the state of a catalyst depends on the
procedure adopted during its activation procedure,’®***® as
discussed in Section 9.1.2 and Fig. 36. Kwak et al. were able
to follow the activation of H-Cu-SSZ-13 catalyst in the 25-400 °C
interval under a 20: 80 O, : He gas stream with a heating rate of
10 °C min~" by simultaneously collecting DRIFT (Fig. 45a—c)
and XANES (Fig. 45g and h) spectra and XRPD patterns
(Fig. 45d-f). IR spectroscopy allowed them to follow the whole
dehydration process, showing the decline in the broad band in
the 3600-2600 cm ™" region, which is due to the +(OH) stretching
of confined H,0 molecules in mutual H-bonding inside the CHA
framework (Fig. 45a) (see Section 2) and the parallel disappear-
ance of the water bending mode at 1630 cm ™" (Fig. 45b). Also in
the framework »(T-O-T) region (Fig. 45c) where, between
the broad vgm(TO,) and v,em(TO,) modes of the framework
[TO,] units it is possible to follow the dehydration process. In
this region, Cu®" cations are able to perturb the Vym,(TO,)
and V,em(TO,) modes, and this perturbation depends on the
hydrated form of the cation, resulting in a band around
950 cm ! for the hydrated form of H-Cu-SSZ-13, which progres-
sively moves towards 900 cm ' during dehydration (Fig. 45c).
The XANES data shown in Fig. 45¢ confirm the dehydration
observed by IR (decrease in intensity and blue shift of the white-
line resonance around 8995 eV) and indicate that the oxidation

This journal is © The Royal Society of Chemistry 2015

state of copper cations after an activation process in an O, flux
up to 400 °C is +2. The results of Kwak et al.**® (Fig. 45a, b, and g)
are in full agreement with those of Borfecchia et al.*®* (Fig. 36),
with the additional advantage that they have been collected
simultaneously on the same sample in the same temperature/
flux/history conditions.

Finally, the time/temperature-dependent XRPD study reported
in the same study (Fig. 45d-f) allowed the authors to follow the
evolution of the lattice parameters a = b and ¢ during the
dehydration process. Interestingly, while the unit cell parameters
a = b decreased by about 0.2 A as the sample was dehydrated, the
unit cell parameter ¢ increased by about 0.6 A. The authors
interpreted these variations in terms of a movement of Cu®* ions
from the large zeolite cages into cation positions, which allows a
stronger interaction with the oxygen ions of the framework.

9.4. Photoinduced reactions monitored by the FTIR step-scan
mode

Microsecond time-resolved step-scan FTIR absorption spectro-
scopy has been used by the group of Frei in Berkeley to obtain
the IR spectrum of triplet-excited duroquinone occluded in
Na-Y zeolite.®*® To the best of our knowledge, this result
represented the first time-resolved IR spectrum of a transient
molecule in a zeolite. Authors used '®0 isotopic labeling to
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assign the strong absorption observed at 1542 cm™' to the
Y(CO) stretching mode of the excited state. The observed
A(CO) = —100 cm " of this band, relative to the 1(CO) of the
ground state, confirms the nn* character of the lowest triplet
state of duroquinone, as expected due to the highly polar
environment of the Na-Y zeolite cage. The lifetime of the
excited triplet state was found to be 20 ps at —50 °C.%*
Subsequently, the same group used the step-scan FTIR method
to monitor short-lived radicals (formyl and acetyl radicals) in
zeolites®*”*°%%%* and Fe-AlPOs®*>® molecular sieves.
Subsequently, Andersen and Frei used time-resolved FTIR
spectroscopy to follow the formation of CO molecules in the
channels of a mesoporous MCM-41 silica sieve generated by the
photodissociation of diphenylcyclopropenone (DPCP), which
was achieved with a nanosecond laser pulse,®®* according to
the scheme shown in Fig. 46a. The precursor was selected
based on its ultrafast dissociation time and a quantum yield
close to unity.”®® They monitored the process using both step-
scan (Fig. 46b and d) and rapid-scan (Fig. 46¢ and e) methods.
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Fig. 46 Part (a): Reaction scheme representing the generation of tran-
sient CO molecules by the photodissociation of DPCP present inside the
solvent-free mesopores of MCM-41 using a nanosecond UV laser pulse.
Parts (b and c): Time-resolved FTIR absorption spectra of CO formed
inside MCM-41 recorded upon laser-induced photolysis of DPCP, col-
lected in step-scan mode (average of 21 experiments) and rapid-scan
mode (average of 12 experiments), (parts (b) and (c), respectively). The
rapid-scan spectra were normalized so that the spectra in parts (b) and (c)
correspond to the same amount of DPCP used (and CO produced) per
laser pulse. Note that the absorbance scale of the millisecond spectra is
enlarged. Part (d): Single-exponential fit of the difference in absorbance at
2125 cm ™! (obtained by plotting the spectra in part (b) in difference mode),
yielding a decay time of 344 £ 70 ps (once corrected by the detector
response). Part (e): Single-exponential fits of the decay in absorbance at
2105 and 2167 cm ™ (part c), yielding decay times t of 155 4 15 ms and 113
+ 3 ms, respectively. The inset shows the decay of the full CO profile
(integrated from 2220 to 2060 cm™) in both step-scan data and rapid-
scan data. Reproduced from ref. 862 with permission, copyright American
Chemical Society, 2006.
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The experimental set-up relied on the generation of the species
of interest (CO molecule in this case) from a photolabile
precursor using a nanosecond laser pulse. The temporal reso-
lution of the step-scan method covers a continuous range from
a few ns to several ms. The slower part of the processes can be
monitored by the rapid-scan FTIR method, which covers the
range from 15 ms to several seconds. The wide timespan of the
combined techniques is likely to encompass the time it takes
for CO molecules to escape from the mesopores of MCM-41
particles. Andersen and Frei monitored the diffusion of CO
generated inside the mesopores of MCM-41 at room tempera-
ture using these techniques. Transient CO was generated by the
photodissociation of diphenylcyclopropenone (DPCP) present
inside the solvent-free mesopores of MCM-41 using a nanose-
cond UV laser pulse.

The time-resolved spectra showed a very broad absorption of
CO in the 2200-2080 cm ™" region, which decayed in a biphasic
mode (Fig. 46b and c). Two-thirds of the band intensity decayed
on the hundreds of ps scale with a lifetime of T = 344 £ 70 ps.
The decrease is due to the escape of CO molecules through the
mesopores into the surrounding gas phase and a diffusion
constant of 1.5 x 10~° m> s~ " was derived (assuming control by
diffusion inside MCM-41 particles). The broad profile of the
absorption is attributed to contact of randomly moving CO with
siloxane and silanol groups of the pore surface. Measurements
using MCM-41 with the silanols partially capped by trimethyl-
silyl groups (data not reported in this review, see the original
study®®®) gave further insight into the nature of the IR band
profile. The residual carbon monoxide remained much longer
in the pores and exhibited distinct peaks at 2167 and
2105 cm™ " that were characteristic of CO adsorbed on SiOH
groups C-end-on and O-end-on, respectively (see the discussion
of linkage isomerism of simple molecules in Sections 3.1.1 and
7.2.3). The bands decreased with time constants of 113 + 3 ms
(2167 em™") and 155 + 15 ms (2105 em™ '), which suggests that
CO in these sites is additionally trapped by surrounding
diphenylacetylene co-product and/or precursor molecules.®®>

Andersen and Frei®®> concluded their study by underlining
the relevance of their findings for a mechanistic understanding
of the photoreduction of CO, in nanoporous transition metal-
silica hosts like Ti-MCM-41."” The finding that CO escapes
from the mesopores at room temperature in less than a milli-
second shows that the nanoporous silica environment of MCM-
41 will not limit photocatalytic turnover rates and is favorable
in terms of preventing back reactions.”*®

9.5. 2D IR pressure-jump spectroscopy of adsorbed species in
zeolites followed by the step-scan mode

As discussed above, step-scan Fourier-transform interferom-
eters can easily reach the ps timescale if the observation can
be repeated with sufficient reproducibility. On this timescale,
each type of adsorbed molecule in a zeolite has its own eigen-
response frequency to a pressure perturbation or modulation.
Using pressure and temperature measurements, Grenier
et al.”*® and Rees et al.’**°°* investigated pressure modulation
frequencies, indicated these frequencies for given adsorbates

This journal is © The Royal Society of Chemistry 2015
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Fig. 47 Part (a): Cartoon showing CO molecules adsorbed on Pt nanoparticles located both inside the wet-impregnated ZSM-5 channels and on the
zeolite external surface. Part (b): 2D-PJAS-IR maps (at 573 K) of CO adsorbed on WI Pt/ZSM-5. lon-exchanged ZSM-5 at LF and colloidally impregnated
ZSM-5 at HF do not give rise to any signal (HF = high frequency; LF = low frequency). Adapted from ref. 964 with permission, copyright Wiley VCH, 2010.

on given zeolites, and obtained diffusion kinetics parameters
from their results. Chenevarin and Thibault-Starzyk®®* showed
that it is possible to use these frequencies to obtain IR spectral
information for complex mixtures on surfaces. Thus, several
adsorption sites or several adsorbed molecules in a mixture
would lead to a specific eigen-response frequency to a pressure
modulation, which will result in the spectral signature for each
individual species on each individual adsorption site. This
technique is named two-dimensional pressure-jump IR spectro-
scopy of adsorbed species (2D-PJAS-IR).%¢12

2D-PJAS-IR is based on millisecond time-resolved spectro-
scopy and sudden pressure changes in the IR cell that contains
the solid sample and the gas probe molecule. The pressure
jump leads to a relaxation process by diffusion and adsorption,
which is monitored by IR spectroscopy. The 2D spectrum is
obtained by two Fourier transforms in the IR wavelength and
time domains. The potential of the technique was shown by
studying the adsorption of a probe molecule (acetonitrile) on
mordenite. 2D-PJAS-IR allowed the first direct detection of
three distinct OH vibration bands in the IR spectrum of
mordenite and revealed three different interactions with aceto-
nitrile, which depend on the adsorption site.”®® Protonation of
acetonitrile at high temperatures was shown to take place only
in the side pockets. In summary, they used the high time
resolution of the technique to obtain dynamic adsorption
parameters on the ps timescale. These dynamic properties were
used to distinguish the various adsorption sites of the acetoni-
trile probe in mordenite. In ref. 861, they analyzed the collected
spectra in the context of two-dimensional correlation spectro-
scopy (2D-COS).***7

Subsequently, the 2D-PJAS-IR technique was applied by
Rivallan et al.®* to the adsorption of CO on Pt-ZSM-5 catalyst.
Three different methods were used for dispersing Pt in ZSM-5:
(i) wet impregnation, which resulted in two classes of Pt
nanoparticles that differed in size hosted in the zeolite chan-
nels (smaller class) and mesopores and external surfaces (larger
class >2.5 nm); colloidal impregnation, which did not lead to
Pt nanoparticles inside the channels owing to the very large size
of the colloid and (ii) ion exchange, which produced long, thin
and cylindrical Pt particles shaped by the zeolite channels.

Moreover, in this case, the technique was capable of dis-
criminating the adsorption sites (Pt nanoparticles located

This journal is © The Royal Society of Chemistry 2015

inside the ZSM-5 channels and on its external surface, see the
cartoon shown in Fig. 47a) by Fourier analysis of the evolution
of the IR spectrum after a sudden change in the pressure of CO.
In the corresponding 2D maps (Fig. 47b), two different fre-
quency regions appeared for the IR bands of both CO gas
(2140-2120 ecm™') and adsorbed CO on Pt nanoparticles
(2100-2000 cm ™). One resonance is at a high frequency (HF)
of 130 Hz or 250 Hz, depending on the Si/Al ratio and textural
properties, and the second one is at a low frequency (LF; below
50 Hz). The ion-exchanged sample, which contains only plati-
num in the channels, exhibited essentially one single response
at 130 Hz, which was higher than that on a colloidally impreg-
nated sample (<50 Hz). This latter frequency was attributed to
a CO adsorption-desorption oscillation process occurring on
the external surface. The difference in frequency observed
between the two resonances can be explained in terms of the
mean free path, which is shorter in the channels than on the
outer surface. The wet-impregnated sample gives rise to oscilla-
tions at HF and LF (Fig. 47b), which confirms the presence of Pt
particles both in the mesopores and on the external surface. In
the same study, two different sintering mechanisms of Pt
nanoparticles were observed in the mesopores and on the
external surface of the ZSM-5 support.®®*

10. Conclusions and perspectives

IR spectroscopy has been a major tool for characterising
zeolites since the 1950s and several major authors have sum-
marized the achievements of this technique in their time.'”*
Some very important aspects of zeolite science have made
considerable progress during the last ten years: knowledge of
the structure of the Brgnsted acid site, its interaction with
Lewis sites, new preparation methods with increased accessi-
bility—all these investigations needed a careful look back and a
rational presentation (Sections 2 and 3). At the same time, new
experimental approaches have appeared and new information
can now be provided by spectrometers evolving at a very
rapid pace.

We first presented here a review of more than 30 years of the
study of acidity in zeolites. It appears that a coherent and
comprehensive understanding of acidity in zeolites is now
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possible. Even the frontiers of superacidity (Section 2.3) are
better understood and scales of acid strength have been estab-
lished, which cover the whole range of our materials. This is
not, however, a simple topic and the accessibility of the acid
site to reactants, adsorbates and probe molecules leads to
significant perturbations in measurements. These perturba-
tions are now well understood and described. IR has shown
itself as a reliable tool for a quantitative description of such
parameters.

Our understanding of zeolite basicity has also progressed
significantly (Section 4). New probe molecules have appeared,
and modelling has confirmed the proposed relationships
between probe molecules and the solid.

In the last decade, hierarchical pore systems progressively
became one of the most important methods for increasing the
applicability of zeolites in oil refining and dealing with heavier
products. Mesopores are very efficient for optimising transport
in a catalyst. Infrared has established itself quickly as a major
characterization tool for describing improved accessibility
(Section 5). Adjusting the size of the probe molecule is now
standard for the infrared spectroscopist who is given a new
sample to describe. The accessibility index, applied with many
different probe molecules, has provided a scale for comparing
different solids and different methods for improving diffusion
limitations. The location of the various sites in zeolites can now
be determined: silanols, Brgnsted sites, Lewis sites or metals.
New experimental tools, such as time-resolved perturbations
(Section 9) or microscopy (Section 8), have been employed
successfully and they have given new insights on these
questions.

It is probably in quantitative measurements that the most
important advances were made. High-precision gravimetry can
be combined with in situ spectroscopy and the question of the
quantitative aspect of infrared spectroscopy (Section 6) can be
finally solved. The amount of adsorbed species or OH groups
on the surface can be determined with great accuracy. This
approach has started to provide reliable molar absorption
coefficient values for some common probes, and in the near
future, will give every experimentalist the tools to always obtain
reliable quantitative measurements for all adsorbed species
(tables of ¢ values and clear experimental guidelines). The
determination of thermodynamic values is also a quantitative
measurement that has became standard in recent years.
Adsorption enthalpies can now be measured and adsorption
modes can be described in great depth. New data treatment
methods can extract a great deal of information and identify
individual adsorption states and their corresponding spectrum
and energy (Section 7).

Vibrational spectroscopy has long been limited in space and
time resolution. New methods in Raman spectroscopy
increased its sensitivity enough to use it in microscopy (Section
8.3), and spectroscopic mapping of catalyst crystals can be
performed at 0.5 um (Section 8.2). Infrared has now established
itself as one of the fastest characterisation methods (Section 9),
potentially reaching nanosecond timescales. Very short-lived
intermediates can be identified and the dynamics of adsorption
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can be investigated. This is of course only part of the now
highly important operando spectroscopy (Section 9.2). Operando
spectroscopy is the study of working catalysts, the system being
under real reaction conditions. Operando obviously means
time-resolved, but most often on the scale of the second. This
is far enough to describe most reaction mechanisms and for the
identification of the intermediates, sometimes using kinetic
tools such as isotopic transient methods for determining the
kinetic parameters of the reaction. Vibrational spectroscopy is
the ideal tool for operando studies; it is easy, fast and versatile. It
has been applied to most catalytic applications, even in the field
of photochemistry or plasma-assisted catalysis.

All these new tools are only just leaving the characterisation
laboratory. They still need to be spread and widely used by
application scientists. This will lead to new advances in zeolite
science and we can hope for further progress with these
spectroscopic methods.

After this global tour, it is clear that the field is still
progressing quickly. The new tools obtained in recent years
will be applied for many other problems and some unexpected
applications will be possible. Tunable lasers will change the
way we perform spectroscopy. Stimulated Raman scattering has
been used for microscopy but it will also be applied to the
“simple” Raman characterisation of zeolite samples, which was
until now limited by fluorescence and low sensitivity. Tunable
lasers will also be used to perform Raman-enhanced experi-
ments (Section 3.3.2) and replace Fourier-transform spectro-
scopy, and their availability in the mid-infrared will lead to
completely new infrared spectrometers with unexpected time
resolution and ease of use. This will surely change the whole
domain of vibrational spectroscopy of zeolites in the next
ten years.

Abbreviations

2D-COS Two-dimensional correlation spectroscopy

2D-PJASIR Two-dimensional pressure-jump IR spectroscopy
of adsorbed species

abs.u. Absorbance units

a.u. Arbitrary units

ACI Accessibility index

AFM Atomic force microscopy

AGIR Analysis by combined gravimetry and IR

ATR Attenuated total reflectance (spectroscopy)

BHW Bellamy-Hallam-Williams (plot or relation)

CARS Coherent anti-Stokes Raman scattering

Coll 2,4,6-Trimethylpyridine (collidine)

Cp,Cr Chromocene

CT Charge transfer

DFT Density functional theory

DPCP Diphenylcyclopropenone

DRIFT Diffuse-reflectance infrared Fourier transform

DRS Diffuse reflectance spectroscopy

DTBPy Di-tert-butylpyridine

EELS Electron energy loss spectroscopy
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EPR
ESRF

EXAFS
FT
FTIR
FWHM
GC

HF

H-USY

INS
IR
LF

LMCT
LP-MOR
Lu
mari
MBOH
MC
MS
MTG
MTH
MTO
NIR
NMR
NSLS

ONIUM

PA

P, co
PDF
PhCN

Pyo
PS

RT
SCR
SERS
S/N

Sp
SP-MOR
SRS
SSITKA
TERS
THF
TMB
TPD
TS-1
uC

UPS
USYy
UV-Vis

Electron paramagnetic resonance
European synchrotron radiation facility
(Grenoble, France)

Extended X-ray absorption fine structure
Fourier transform

Fourier transform infrared

Full width at half maximum

Gas chromatography

High frequency (band in FAU and MOR
frameworks)

Protonic form of USY zeolite

Intensity (of an IR band)

Inelastic neutron scattering

Infrared

Low frequency (band in FAU and MOR
frameworks)

Ligand-to-metal charge transfer
Large-port mordenite
2,6-Dimethylpyridine (lutidine)

Most abundant reactive intermediate
Methylbutynol

Main channel (in MOR framework)
Mass spectrometer (spectrometry)
Methanol-to-gasoline
Methanol-to-hydrocarbons
Methanol-to-olefins

Near-IR

Nuclear magnetic resonance

National synchrotron light source
(Brookhaven National Laboratory, NY, USA)
Our own N-layered integrated molecular
orbital and molecular mechanics
Proton affinity

CO equilibrium pressures

Pair distribution function analysis
Benzonitrile

NO equilibrium pressures

Polystyrene

Pyridine

Room temperature

Selective catalytic reduction
Surface-enhanced Raman spectroscopy
Signal-to-noise ratio

Side pocket (in MOR framework)
Small-port mordenite

Stimulated Raman scattering
Steady-state isotope transient kinetic analysis
Tip-enhanced Raman spectroscopy
Tetrahydrofuran
1,3,5-Trimethylbenzene
Temperature-programmed desorption
Titanosilicate with MFI topology

Unit cell

Ultraviolet photoelectron spectroscopy
Ultrastable Y zeolites (dealuminated form)
Ultraviolet-Visible
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VTIR Variable-temperature IR

XANES X-ray absorption near-edge structure
XAS X-ray absorption spectroscopy

XES X-ray emission spectroscopy

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

XRPD X-ray powder diffraction
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