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Abstract

IR spectroscopy of adsorbed probe molecules is one of the most powerful characterization techniques for the investigation of surface active sites
on high surface area materials like oxides and zeolites. In the last 20 years the use of specific IR cells allowing the in situ sample activation, gas
dosage and sample cooling down to liquid nitrogen temperature has remarkably improved the number and the quality of the information on the
surface structure with respect to the first experiments carried out at room temperature. Commercial cryostats able to reach liquid helium
temperatures are available since decades, but the incompatibility of the materials used to reach and confine very low temperatures with the high
temperatures usually needed to activate the surfaces of catalysts has prevented for long time the breaking down of the 77 K frontier in IR
experiments of species adsorbed on active surface sites. In our group we have very recently designed, realized and tested a new experimental set-up
able to perform IR experiments in the 15-300 K interval on samples previously activated under vacuum conditions (P < 10~ Torr,
1 Torr ~ 133.3 Pa), or in the desired atmosphere, up to 1073 K [G. Spoto, E.N. Gribov, G. Ricchiardi, A. Damin, D. Scarano, S. Bordiga, C.
Lamberti, A. Zecchina, Prog. Surf. Sci. 76 (2004) 71]. The first results obtained with this innovative instrument will be reviewed and summarized in
this work and compared with previous literature results on similar experiments performed at liquid nitrogen temperature. In particular, we will

discuss the adsorption of CO and H, on MgO and H-SSZ-13 zeolite, and of H, on Cu™-ZSM-5 zeolite.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

IR spectroscopy of adsorbed probe molecules has been
widely employed in the characterization of active sites at the
surface of heterogeneous catalysts [1-9]. In the last 20 years,
the accurate control of the thermodynamic parameters involved
in the experiment, like temperature (down to liquid nitrogen
temperature), equilibrium pressure and contact time, allowed
experimentalists on one side to remarkably improve the number
and the quality of the information on the surface structure and,
on the other hand, to alter the speed of the dynamic processes
occurring on the surface, thus modifying the relative
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concentration of the precursor, intermediate and product
species present at specific reaction conditions. In this context,
time resolved (where temperature and pressure are kept
constant during the experiment), temperature resolved (where
the number of probe molecules in the cell is kept constant while
changing the temperature) and pressure resolved (where
temperature is fixed, while pressure is changing by acting on
the number of probe molecules in the cell) FT-IR spectroscopy
represents an useful tool for characterization purposes and for
kinetic studies concerning several kind of reactions [10].
However, notwithstanding the fact that commercial cryostats
able to reach liquid helium temperatures were available since
decades and widely employed in the field of solid state physics
[11-15], the lower temperature value at which experiments
were performed was limited for a long period to 77 K, mainly
due to practical problems. This was mainly due to the
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incompatibility of the materials used to reach and confine very
low temperatures with the high temperatures usually needed to
activate the surfaces of catalysts, that has prevented for long
time the overcoming of the 77 K barrier in FT-IR experiments
of species adsorbed on active surface sites. Note that when
speaking about 77 K IR experiments we mean a nominal
temperature, being the actual one on the sample always slightly
higher (typically in the 100-110K range) owing to the
temperature gradient between the cooled part of the cell and the
sample itself and to the heating power of the IR beam.

The investigation of the vibrational features at surfaces at
temperatures below that of liquid nitrogen has been performed
since more than one decade by infrared reflection absorption
spectroscopy (IRAS) [16-18] or by electron energy loss
spectroscopy (EELS) [19-21]. Such investigations are however
limited to vacuum-cleaved single crystal surfaces or to thin
(few monolayers thick) oxide films epitaxially grown on metal
substrates, i.e. on systems that are often far away from real
catalysts. The 77 K frontier in FT-IR adsorption experiments on
high surface area powdered materials has been broken down
very recently, thanks to the realization in our laboratory of an
unique experimental set-up able to perform FT-IR experiments
in transmission mode down to 15 K on materials activated in
situ under vacuum conditions (P < 10~* Torr) and at tempera-
tures up to 1100 K [22]. In this work we summarize and review
the first results obtained with this innovative instrument,
demonstrating that this experimental strategy has a very high
sensitivity.

Lowering the temperature allows some relevant improve-
ments. The usually adopted probe molecules for IR spectro-
scopy (CO, NO, Py, etc.) often interact strongly with the surface
sites, resulting in a significant perturbation of the site itself
upon molecule adsorption. The ideal probe molecule for a given
site should, consequently, be characterized by an as low as
possible adsorption enthalpy (AH). However, as the equilibrium
between molecules in the gas phase and in the adsorbed state is
driven by the Gibbs function (AG=AH — TAS), and as
adsorbed states requires a relevant decrease of the entropy of
the system, a significant fraction of molecules in the adsorbed
state can be obtained only once the entropic term is minimized
by suitably low temperatures. As a consequence, to observe an
adsorption process characterized by a given adsorption
enthalpy of AH, the experiments should be performed at
temperature 7'in the order of AH/AS or lower. On the other side,
adsorption measurements performed at a given temperature
T are able to monitor processes characterized by a AH value in
the order of TAS or higher.

Among the molecules able to slightly perturb the surface site
we can mention N, and H,. These molecules (particularly H,)
have been scarcely employed up to now in the surface
characterization because even temperatures in the range of that
of liquid nitrogen are not sufficiently low to reduce the entropic
term in a significant way for most of the surface sites. The
possibility to use H, as probe molecule for surface
characterization is particularly attractive as, owing to the
presence of a single bond (H-H), the H-H stretching is
expected to undergo a much higher Adyy shift than that

underwent by the C=0 or the N=O0 stretching, when CO or NO
molecules are adsorbed on the same site. This open new
prospects in the discrimination among rather similar surface
sites.

For these reasons, the experiments carried out in the 15—
300 K temperature interval can be of extreme utility for
complementing the experimental information on the surface
structure obtained with similar experiments performed at liquid
nitrogen temperature. Finally, it will be shown that this
experimental set-up allows to perform experiments by
controlling both the equilibrium pressure of the probe molecule
and the adsorption temperature, so that new site-specific
thermodynamic data can be obtained that could not be obtained
before by classical calorimetric experiments, where integrated
(on all adsorption sites) values are accessed.

In particular, in this contribution the results concerning three
main topics will be discussed: the adsorption of CO and of
H, on MgO surfaces and on H-SSZ-13 zeolite and the
H, adsorption on Cu*-ZSM-5 zeolite. We will show that
the new experimental set-up allowed to add new information
on the interaction of the CO and H, probes with the surface
cations and anions on the MgO samples, so that a much more
complete view on the topic has been reached. In particular, the
investigation of CO olygomerization on MgO conducted at
60 K gave the opportunity of studying monomeric and
oligomeric precursors of the polymeric species formed at
higher temperatures on the low coordinated O” sites present at
the MgO surface, while experiments conducted at 20 K allowed
to observe for the first time some transient molecularly adsorbed
H, precursor of hydride and hydroxyl species formed on the
Mg?* cations. Finally, experiments at 15 K allowed to identify
two distinct Cu*(H,) adducts formed inside Cu*-ZSM-5 zeolite
and to follow their evolution upon changing the H, pressure. As
for H-SSZ-13 zeolite, the new low temperature IR experiments
allowed to define the correct acidic proton distribution among the
four crystallographic independent ones.

2. Experimental
2.1. Materials and procedures

2.1.1. MgO samples

The new advances presented in this work refer to two
different MgO polycrystalline samples characterized by
significant different surface areas: ~230 and ~40m?*g™',
hereafter high surface area (hsa) and sintered MgO samples,
respectively. The hsa sample was obtained by decomposition of
Mg(OH), in vacuo, while the sintered sample was obtained
from the hsa one by prolonged sintering at 1073 K according to
the well known procedure described in Refs. [5,9,23-26].
Before the experiments, all of the samples were pressed into
pellets suitable for transmission IR measurements. More details
on the sample preparation have been reported elsewhere [22].

It is widely accepted that on hsa MgO the concentration of
surface defects (edges, steps, and corners) reaches a maximum,
and this explains the complexity of the IR spectra of adsorbed
CO (vide infra Section 3.1) and of dissociatively adsorbed
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hydrogen (vide infra Section 3.2) published so far and the
difficulties encountered in the vibrational assignments. Con-
versely, by progressively sintering the hsa MgO sample under
controlled temperature conditions (obtaining the sintered
MgO), it is possible to gradually decrease in a controlled
way the defects concentration, thus decreasing the number of
the surface species formed by adsorption and hence simplifying
the IR spectra.

2.1.2. Cu*-ZSM-5 sample

Cu*-ZSM-5 was prepared by reaction of H-ZSM-5 (Si/
Al ~ 90) with gaseous CuCl, according to the reaction path:
Si(OH")Algury + CuClg) — Si(OCu™)Algyrp, + HClg). This
procedure leads to a 1:1 substitution of the zeolite acidic
protons exclusively with isolated Cu™ ions (i.e. to a very well
defined system from the point of view of the copper ions’ local
environment). Cu*-ZSM-5 samples prepared following our
method have been of great help in understanding the local
structure of Cu® ions in zeolites that certainly affects their
catalytic behavior. In fact, because of its model character, the
system offers clear and simple spectroscopic, energetic and
structural outputs which assignment is straightforward [27—40].
This is the reason why the experimental results emerging from
its characterization have been also used as model values for
comparison of the computational outputs obtained in advanced
quantum chemical studies [41-48].

2.1.3. H-SSZ-13 sample

Zeolite SSZ-13 was synthesized at the Chemistry Depart-
ment of the Oslo University (Bjgrgen and Lillerud) by
following a hydrothermal preparation procedure described in
the patent by Zones [49]. A carefully controlled calcination
procedure, aiming at preserving the crystallinity of the material,
has been adopted. The template removal was carried out in a
pure oxygen flow (20 ml/min) in a fixed bed tubular quartz
reactor according to the following procedure: the as-synthe-
sized sample was initially heated to 573 K and left at this
temperature for 12 h. The temperature was slowly increased to
773 K and kept isothermal for another 12 h. Powder XRD
confirmed a pure SSZ-13 phase. Qualitative elemental analysis
and sample morphology were examined using a Philips XL 30
Scanning Electron Microscope. The Si/Al ratio was 11.6 and
average particle size was in the range 5-10 wm. Surface area
has been obtained by means of N, adsorption performed at
77 K. The volumetric measurements have been performed with
a Micromeritics ASAP 2010 sorption analyzer. From the N,
adsorption data, BET area of 638 m? g~', Langmuir area of
843 m” g~ ! and micropore volume of 0.277 ml g~ (from the 7-
plot) have been obtained [50,51].

2.2. Low temperature IR instrument

The infrared spectroscopic measurements were performed
using a properly designed cryogenic cell allowing the in situ
high-temperature activation (up to 1073 K) of the sample under
vacuum condition (or in desired atmosphere). The instrument
allows to monitor the modification of the IR spectra of molecules

adsorbed on clean surfaces according to two main procedures.
The first one consists in adsorption experiments at fixed
temperature (down to 15 K, estimated at the sample level),
and variable equilibrium pressure of the probe molecule. The
second procedure concerns the recording of the IR spectra of the
species adsorbed in the whole temperature interval (from 300 to
15 K) while simultaneously measuring the gas phase equilibrium
pressure. By this procedure it is possible to measure the
integrated area of a specific IR band upon changing the sample
temperature, which in turn allows to calculate the site-specific
adsorption enthalpy of the corresponding surface adduct. In both
procedures, time invariance of the spectra has been used as a
criterium to prove that the system has reached the equilibrium at
the given thermodynamic condition (pressure and temperature).
A detailed description of the cryogenic cell (consisting of a
properly modified closed circuit liquid helium Oxford CCC
1204 cryostat) is given elsewhere [22]. The spectra were
acquired at a resolution of 1 cm™ ' on a Bruker Equinox-55 FT-
IR spectrometer whose sample compartment was modified ad
hoc to accommodate the cryogenic IR cell. All of the spectra
reported in the following are background subtracted using the
spectrum of the pure MgO, Cu*-ZSM-5 or H-SSZ-13 as
reference (with the only exception of Fig. 9a and c).

3. Results and discussion

3.1. CO adsorption and olygomerization on high surface
area MgO surface: FT-IR experiments at 60 K

Carbon monoxide has been historically one of the most used
probe in the investigation of the MgO surface. Basically, the
properties of the CO/MgO system can be discussed in terms of:
(i) species formed by interaction of CO with the positive Mg**
surface centers and (ii) species formed on the low coordinated
O*" centers. In the following, we will highlight the
improvements in the characterization of both these species
obtained by performing FT-IR experiments at 60 K. We will
show that a decrease of about 40 K with respect to the classical
IR experiments reported in the literature resulted in a
remarkably detailed evolution of the spectra as a function of
CO pressure, allowing to better understand the complex
interaction of the CO molecule with the different cationic and
anionic sites of the MgO surface. The attention will be mainly
focused on the results obtained on hsa MgO samples, but
reference to sintered material will be also done for comparison.

3.1.1. CO adsorption on Mg*™ sites

Mg302+(CO) adducts, formed by interaction of CO with
Mg;.>* located at corner sites, are clearly observed in the IR
spectrum of CO adsorbed at RT, already reported in early
studies [24,52,53]. Experiments performed at about 100 K
showed that CO is able to distinguish among surface Mg*" sites
of different coordinative unsaturation [5,9,23-26,52,54-57]. In
particular, at very low coverage (6 < 0.1) the frequency of CO
(singleton) adsorbed through the carbon end on Mgs. >,
Mg,>*, and Mgs.>*, is upward shifted with respect to the

frequency of the CO gas of +60, +27 and +14cm ',
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respectively (7(CO) = 2203, 2170 and 2157 cm ™). This shift
is the typical result of the Stark effect associated with the
positive electric field of the cation. Following Hush and
Williams [58] and Pacchioni et al. [59], when no d-electrons
are involved, the shift is, for moderate fields, proportional
to the strength of the electric field sensed by CO. The stability
of the Mg**(CO) species is in the order: corners
Mgs>H(CO) > steps and edges Mgy >*(CO) > (10 0) faces
and terraces Mgs.>*(CO).

On the basis of all these results it is concluded that, by using
appropriate pressure and temperature conditions, CO selec-
tively probes the vast majority of the positive centers of the
MgO surface and hence gives comprehensive information on
the structure and distribution of the Mg** centers. However, it is
worth to underline that despite the extensive work carried out in
this field, not all of the numerous species formed by interaction
of CO with positive centers have been unambiguously assigned
so far. In order to obtain a more complete description of the
Mg?*(CO) species formed on the MgO surface, Spoto et al.
[22] have recently performed CO adsorption experiments by
lowering the sample temperature down to 60K, thus
appreciating new fine spectroscopic details which escaped
detection in the previous works.

FT-IR spectra of CO dosed at 60 K on hsa and sintered MgO
samples are shown in the CO stretching region in Fig. la and b,
respectively. The most intense spectra of the two sequences
correspond to Pco =40 Torr. The other spectra have been
obtained by decreasing the pressure in steps at constant 7 of
60 K. The spectra with lowest intensity have been obtained
after prolonged pumping at 60 K and correspond to CO
equilibrium pressures lower than 10~ Torr. The two sequences

reported in Fig. 1 allow us to appreciate directly how the
decrease of the specific surface area is accompanied by a
dramatic decrease of intensity and by a drastic spectral
simplification.

Considering the high frequency region of the spectra, the
weak band at 2205-2200 cm~' was already assigned to
Mg302+(CO) complexes [9,59,60]. This assignment well
explains why this band is well evident in the case of hsa
material but very weak on sintered sample. However, the high
quality of the spectra on hsa sample allowed Spoto et al. [22] to
observe a distinct tail on the low frequency side of this band,
which has been explained on the basis of the presence of many
surface configurations containing three-fold coordinated ions,
differing in the second coordination sphere. Upon increasing
the Pco the peak observed at 2203 cm ™! first increases, than it
saturates and finally disappears with formation of a shoulder at
about 2185 cm™'. This fact is well known and has been
attributed to the evolution from monocarbonylic to dicarbonylic
species [22,61]. At higher pressures, also the shoulder at
2185cm™' gradually disappears, plausibly because the
responsible peak is shifting to lower frequency and becomes
obscured by the extremely strong bands associated with the
more abundant Mgs.>*(CO) and Mgs.>*(CO) complexes. This
shift could be associated with formation of tricarbonylic species
[22].

By increasing Pco, after formation of Mg3C2+(CO) adducts
at three-fold sites, also Mg,.>" sites begin to be populated and
two new strong and complex absorptions in the 2180-2160 and
2150-2145 cm ™" intervals appear on both the hsa and sintered
samples. These absorptions have a composite character, easily
explained with the heterogeneity of the Mg,.** sites (located on

2200 2180 2160 2140

2000 2180 2160 2140

Wavenumber (cm-1)

Fig. 1. Pressure dependance of the FT-IR spectra, in the CO stretching region, of CO dosed at 60 K on hsa and sintered MgO samples, part (a) and (b), respectively.
Increasing CO pressure from front to back spectra. Adapted from Ref. [22], with permission. Copyright (2004) by Elsevier.
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edges and steps of variable height). On both hsa and sintered
materials the intensity of these peaks is at least one order of
magnitude higher than that of the Mgs.>*(CO) species. Finally,
the narrow and dominant peak observed on sintered MgO in the
2157-2149 cm ™! interval was attributed to the v(CO) mode of
molecules perpendicularly adsorbed through the carbon end on
five-fold coordinated Mg2+ ions of (1 0 0) terraces and facelets.
On hsa material the evolution of this peak upon the CO pressure
cannot be clearly observed; in fact, at high 6 its intensity is
exceedingly high, while at low @ it is superimposed to the bands
of CO interacting with Mg?* sites exhibiting a higher
coordinative unsaturation, as discussed above.

Till now we have discussed the effect of changing the gas
pressure on the IR spectra of the MgO/CO system collected at
constant 7 (60 K). By the same experimental apparatus used
for this kind of experiment it was also possible to collect the
spectra by working at constant equilibrium pressure while
gradually changing the temperature in the whole RT—60 K
range. Spoto et al. [22] performed such isobaric experiment
(Pco =60 Torr) on the MgO/CO system in the 300-60 K
interval. The intensity of the bands (hereafter A) at 2150 and
2170 cm ™', ascribed to the Mg462+(CO) complexes, and of the
band at ~2157 cm ™!, ascribed to Mg5C2+(CO) complexes (vide
supra), was so measured as a function of 7. For both bands, the
intensities increase gradually upon decreasing T and asymp-
totically reaching a maximum (A,.,) at different 7, corre-
sponding to saturation conditions. The ratio between the
intensity measured at a given T (A(T)) and that at saturation
conditions (A ,x) allows to quantitatively know the fraction of
sites covered by CO, defined as the coverage O(T) = A(T)/A nmax
and, consequently, the fraction of empty surface sites
[1 — 6(D)]. The equilibrium constant (K,4s) of the adsorption
process at any given temperature can be so described, under the
Langmuir approximation, as: K,qs = 0(T)/{[(1 — &T)]Pco}.
Applying the van’t Hoff equation, the angular dependence
of the In(K,q) versus 1/T gives the adsorption energy
[22,30,55,62-64].

Fig. 2 shows the dependence of In(K,qs) versus 1/T for the
carbonylic species observed on the sintered MgO sample (open
symbols). We observe a good linear correlation in all cases,
which makes confident about the validity of the adopted model.
The slopes of the lines of Fig. 2 give the adsorption enthalpies,
which result similar for CO adsorbed on edge positions: 21.9
and 22.6 kJ/mol (as evaluated from the 2161 and 2170 cm ™"
bands, respectively). As for the band due to CO adsorbed on
regular (1 00) terraces, the measured adsorption enthalpy is
much lower, i.e. 12.5 kJ/mol only. Unfortunately, the intensity
of the 2203 cm™ ! band, due to Mg302+(CO) complexes formed
on corners, is not changing substantially in the 60-300 K
interval upon Pcq, because the corresponding sites are almost
fully saturated even at RT and higher temperatures are required
to modify the coverage. The authors were so unable to extract
from their data the AH,4 for the Mg302+(CO) complexes. The
evaluation of the CO adsorption enthalpies in the case of hsa
MgO sample was not possible, because the spectra are too much
complex to allow a precise estimation of the integrated area for
each species. Summarizing, FT-IR spectroscopy at variable T
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Fig. 2. Dependence of In(K,q4s) as a function of (1/7) for linear CO (open
symbols) and H, (full symbols) molecularly adsorbed at the surface of sintered
and hsa MgO on different cationic sites: Mgk2+ (triangles), Mg4c2+ (squares)
and Mgs.>* (pentagons). In the case of CO, the results of adsorption of bridged
CO on Mg4c2+ are also reported (open diamonds). The adsorption enthalpies
obtained for each sites are reported in kJ/mol. Adapted from Ref. [22], with
permission. Copyright (2004) by Elsevier, and from Ref. [79], with permission.
Copyright (2004) by ACS.

allowed to estimate separately the AH, 4, values of individual
species. It is worth mentioning that this result differentiates this
technique from microcalorimetry, which always gives average
values for all species.

3.1.2. CO olygomerization on low coordinated O°~ sites

In addition to the species formed by interaction of CO with
the positive Mg®* surface centers, the properties of the CO/
MgO system are also characterized by the presence of negative
species formed on low coordinated basic O®~ centers.
Pioneering studies in this direction have been performed on
samples activated at moderate temperatures and still covered by
a fair number of OH groups [52]. Under these conditions CO
was adsorbed as carbonate-like species only in presence of O,.
Successive studies performed on totally dehydrated samples
and in absence of O,, have shown that CO chemisorption leads
to formation of colored anionic polymeric species [5,23-26,52—
57,62,65,66]. Experimental data on powdered MgO samples
demonstrated that a great number of species are formed upon
interaction with carbon monoxide at 300 K, through a complex
sequence of surface reactions involving the most basic surface
0%~ ions. Some of these reactions are activated and, at RT, they
need considerable time to be completed, with formation of
oligomeric pink colored species [5,9,22,24,25,52,53,56,66—
68]. The detailed description of these processes is of high



70 G. Spoto et al./Catalysis Today 113 (2006) 65-80

) 2 co 2

o ot 2-
Oz co CO; fo__ c,0. c C304=ﬁ_ AAAAAAAAAAAAAAAA Cnonﬂ

Scheme 1.

interest, because it represents one of the best examples of how
highly basic oxygen species present at defect sites can attack
the relatively unreactive CO molecule. In other words they can
represent good examples for inspiring the design of new CO
activation routes.

It is generally accepted that all the olygomeric species are
originated from a common CO,*~ precursor generated from a
primary attack of carbon monoxide on the low coordinated
05,2~ and O, oxygen ions present at defect sites like
corners, edges, kinks, etc. [9,22]. At low temperature
(T = 100 K), the hypothesized reaction sequence is that
reported in Scheme 1, leading to the formation of a complex
and time dependent population of charged monomers,
dimers, trimers, and oligomers. Only at RT disproportionation
products (carbonates, squarate or rhodizonate anions)
are slowly formed, according to the reaction depicted in
Scheme 2.

It is thus clear that, in order to follow the oligomerization
reaction in ““clean” conditions (i.e. without disproportionation
products) it is necessary to perform low temperature
experiments. It can be noticed that the species formed in the
reactions previously discussed incorporate the pristine highly
basic 03027 and 04027 centers into more complex structures
where the negative charge is delocalized on a larger set of
carbon and oxygen atoms. The stability of these structures on
the surface will consequently depend very much on the
Coulombic interactions with the surface ions and more
specifically on the distribution of the positive centers
interacting with the negative parts of the admolecule.
Therefore, it is expected that the structure of these species
and the structure of the adsorbing centers should be closely
complementary and connected via a surface-molecule recog-
nition relation. On this basis, it is evident that the detailed
knowledge of the structure of the species formed at lowest
temperatures (where surface rearrangements and migrations
are suppressed) gives indirect information on the structure of
the adsorbing centers.

With the aim of elucidating the energetic and spectro-
scopic characteristics of the olygomerization reactions some
of us [22] have very recently coupled a simple theoretical
study (at the B3-LYP level) with an extensive experimental
investigation based on time/pressure dependent IR study of
CO adsorption on hsa MgO at 60 K. The choice of the
temperature has been dictated by the need to minimize
surface rearrangement upon interaction with CO and to
suppress the disproportionation reactions, without causing
CO liquefaction.

The IR spectra in the 2120-2050 and 1700-1125 cm™'
intervals of CO adsorbed at 60 K on a high surface area MgO

6 6, $0°—aGO +0C05

n+1 n+2

Scheme 2.

sample are shown as a function of the CO coverage in Fig. 3,
which refers to the chemistry of CO interacting with low
coordinated O®~ basic centers and thus represents the low
frequency counterpart of Fig. la, which refers to the
chemistry of Mg**(CO) adducts. These spectra represent
the first IR investigation of the interaction of CO with
polycrystalline MgO powders below the liquid nitrogen
temperature and differ from those obtained in the past at
higher T (about 100 K) [9,24]. The differences are mainly due
to the fact that at 60 K higher CO coverages can be obtained
as compared to those obtained for similar Pcg in experiments
performed around 100 K. The most intense spectrum in Fig. 3
corresponds to Pco = 40 Torr; the other spectra were obtained
by decreasing the pressure in steps at 7 = 60 K. The spectrum
with lowest intensity has been obtained after prolonged
pumping at 60 K and corresponds to Pco lower than
1073 Torr. The original spectrum at higher pressure can be
restored by redosing CO at 60 K, so indicating that the
responsible species are completely reversible and involve
surface processes characterized by very low or negligible
activation barriers with respect to k7.

The spectra reported in Fig. 3 can be discussed, coming from
the lowest to the highest Pco, in terms of (i) formation of
carbonate COQZ_ and dimeric (C203)2_ species on the less
reactive O° sites and (ii) formation of trimeric (C3O4)27 species
on more reactive O~ sites and their evolution into oligomeric
species. Starting with the first point (i), the peaks at 1316 cm ™
(very sharp and intense) and at 1279 cm™ ! (broader and weaker),
which are two of the most important IR manifestations observed
at lowest CO coverages (see A doublet in Fig. 3), have been
ascribed to the asymmetric and symmetric stretching modes of
the CO,”" structure [22]. The assignment of this doublet, already
observed in previous experiments performed at higher tempera-
tures [5,9,24], is in agreement with ab initio calculations [22],
which predict a correct baricenter of the IR modes. The nearly
immediate formation of these species at a temperature as low as
60 K indicates that the involved reaction (first equilibrium in the
reaction reported in Scheme 1) is substantially not activated. This
experimental evidence well agrees with the high stability of the
calculated adducts (218 kJ/mol) [22]. The 1316-1279 cm !
doublet of carbonate CO,>~ species A saturate after the first three
spectra reported in Fig. 3 and then progressively disappears; at
the same time a new triplet grows at 1635 cm ™' (M), 1476 cm ™'
(S) and 1344 cm™ ' (W) (bands labeled as D species in Fig. 3).
According with ab initio calculation, the triplet is considered the
consequence of further CO addition on the pre-formed A species,
finally resulting in the formation of (C203)27 species. In the Pco
range covered by Spoto’s experiments [22] no further CO
addition involving this surface sites has been observed, testifying
that the energy barrier associated with the formation of a trimeric
species (C3O4)2_ is much higher than k7 at 60 K for the sites
giving rise to the A and then to D species. Conversely, the
activation barrier for the formation of dimeric species (C,05)*~
is in the range of kT as it has been overcame by a Pc increase.

Coming to the second point (ii), together with the A doublet,
the low Pcq spectra reported in Fig. 3 are dominated by two set
of five bands (labeled as C and C’). According to results
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Fig. 3. Coverage dependence of the IR spectra of CO dosed at 60 K on a hsa (230 m~ g~ ') MgO sample, increasing CO coverages from front to back spectra. The
reported spectroscopic regions (2120-2070 and 1700—1125 cm™") refer to the chemistry of CO interacting with low coordinated O®~ basic centers. Labels A, D, C
(C') and P refer to bands ascribed to CO,>~ carbonites, (C,03)*~ dimers, (C30,)*~ trimers and polymeric (C,0ns1)*~ species, respectively. Adapted from Ref. [22],

with permission. Copyright (2004) by Elsevier.

emerging from the ab initio study reported in Ref. [22], each
group of five bands has been ascribed to the five (vy, v,, V3, V3,
and v4) modes of trimeric (C3O4)27 species hosted on two
slightly different surface sites (see Table 1). It is worth noticing
that the band 73, was not assigned in older works [5,24,69,70].
According to the relative intensities of the five components of
the two sets of five bands, the relative abundance of C and C’
species has been estimated to be ~60 and ~40%, respectively.
A third component appears in the two modes characterized by
the stronger IR bands (v; and v3). These additional IR features
have been assigned to a third family (C”) of (C304)*~ species
with a very low surface abundance (less than 5%) to allow the
detection of the more IR active modes only (see Table 1).
As the trimeric (C304)>~ species C, C’ and C” have been
observed at 60 K even at the lowest P values, the adsorption
of up to three CO molecules on those surface sites must be an
almost non-activated process. When Pcq is further increased,
the bands of the trimeric species (C, C' and C”) decrease
simultaneously without disappearing completely, see Fig. 3,
while several new bands grow up. Among them the most
intense are observed at 1668 cm ™' (S), 1580 cm™ ' (VS) and
1266 cm ™! (VS) (bands “P” in Fig. 3). This process is

Table 1

reversible, since a successive decrement of the Pcq restores the
initial situation, and this implies that both the enthalpy and the
activation energy for the formation of polymeric species on
those surface sites are modest. The calculated instability of the
tetramer [22] suggests that the new bands observed are due to
pentamers or to oligomers of higher nuclearity.

3.1.3. Conclusive remarks: the novelties arising from
experiments of CO adsorbed at 60 K

The experiments discussed in the previous sections represent
the first FT-IR investigation of the interaction of CO with
polycrystalline MgO powders below the liquid nitrogen
temperature. The adoption of low temperature conditions has
been proved to be necessary in order to avoid the formation of
disproportionation products during the CO olygomerization
reaction occurring on the low coordinated O®~ sites. Only in
these conditions, the detailed knowledge of the structure of the
formed olygomeric species can give indirect information on the
structure of the adsorbing centers. It is worth underlining that, if
T is increased from 60 up to 100 K, at constant Pcp, the IR
spectrum of adsorbed species changes dramatically and
becomes similar to that observed and discussed in previous

IR frequencies of the five modes (v, vy, v3, V3, and vy) of the trimeric (C3049)* species formed at 60 K on three different basic surface sites (species labeled as C, C’
and C”) of high surface area MgO, compared with those obtained with ab initio calculations, from Ref. [22]

IR mode Site C (cm™) Site C’ (cm™Y) Site C” (cm™ ) Ixp (a01) ab initio model (cm™") Lineo (a.u)
vy 2108 2093 2084 S 2122 S

Vs 1566 1543 n.o. M 1492 M

V3 1355 1376 1398 S 1368 S

V3, 1324 1318 n.o. M 1306 M

Vs 1157 1166 n.o. \\% 1161 w

The relative surface abundance of C, C’' and C” species is: ~60, ~40 and less than 5%, respectively. Also the relative intensity of the five modes in both experimental
(Iexp) and theoretical (/o) spectra are reported. For the less populated C” site, only the most intense IR modes have been observed. n.o.: not observed; S: strong; M:

medium; W: weak.
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contributions [9,24,52,53,67]. The species formed at higher
temperature (100 K) are irreversible and cannot be removed by
pumping. This means that the formation of polymeric species at
100 K is associated to higher activation energies. Spoto et al.
[22] hypothesized that the increment of the energy barrier is due
to an activated surface rearrangement.

In conclusion, the investigation of CO olygomerization on
hsa MgO conducted at 60 K gave the opportunity of studying
monomeric and oligomeric precursors of the polymeric
species described in Refs. [9,24,53], stable at higher
temperatures. As these species are formed without substantial
activation barrier, they directly reflect the topology of the
MgO surface. These recent results well illustrate the extreme
complexity of the processes occurring at the surface of hsa
MgO when a large temperature interval is considered, adding
new information on the interaction of CO probe with surface
cations and anions, so that a much more complete view on the
topic has been reached. In other words, the experiments here
reviewed well show the utility of the low temperature
experiments in improving the knowledge of the structure of
the surface sites with respect to the experiments performed at
higher temperature. Finally, a further contribution to the
understanding of the surface properties comes from the study
of the temperature dependance of the intensity of the IR
features of CO adsorbed on individual Mg** adsorption sites,
which allows the determination of site-specific adsorption
enthalpies.

3.2. H, adsorption on high surface area MgO surface:
FT-IR experiments at 20 K

The study of H, adsorption on oxides is of relevant
importance within the framework of the vast theme of hydrogen
activation on solid surfaces, finding application in catalysis [9]
and hydrogen storage [71]. As far as catalysis is concerned,
hydrogenation, dehydrogenation and hydrogen transfer reac-
tions are known to occur at the surface of a-Cr,O5 and other
oxides containing transition metal ions with partially filled d-
shell [9]. Systems incorporating metal ions in d'® or d°
electronic configuration (either metal oxides like ZnO or MgO
or oxidic materials like exchanged zeolites) are generally less
active but nevertheless important, at least for fundamental
studies, because of their ability to dissociate the hydrogen
molecule. The investigation of the surface properties of oxides
toward the H-H bond activation is also of importance because
of the analogies with the C-H bond activation, a topic
occupying a central position in industrial processes. In this
respect, it has been for instance shown that the sites responsible
for H, dissociation on MgO are also active in the C—H cleavage
[72].

3.2.1. H, splitting investigated at RT

Before facing the spectroscopy of H, adsorption on MgO
samples at low temperature, some general comments on the
spectra obtained upon dosing at room temperature dihydrogen on
hsa MgO are due. The H, adsorption on MgO can in principle be
either molecular or dissociative. Dissociative adsorption of

H—H H H*
M 2+ 02- H2 M 2+ ;2— —nlﬂ 2+ c|)2_
cus cus cus cus gCI.IS cu
Scheme 3.

hydrogen on hsa MgO has been already reported and two
different paths have been proposed: homolytic and heterolytic
[9]. Homolytic splitting operates under U V-irradiation only [73—
75] and will not be further discussed here. Heterolytic splitting
takes place at 300 K, without the help of ultraviolet photons, on
coordinatively unsaturated (cus) Mg®*O”>" surface pairs,
following the surface reaction depicted in Scheme 3.

From literature data, it emerges that two different families of
hydrides (Mg—H) and hydroxyls (0> —H) groups are formed at
RT, differing for their vibrational properties and their behavior
upon Py, changes. The first family (hereafter family I) is
characterized by two intense and narrow IR peaks at 1325 and
3462 cm ™' (see Fig. 4), corresponding to the v(MgH) and v(OH)
modes, respectively. These species are reversible at RT upon
reducing Py,, suggesting that the two fragments are either in
adjacent position or, if adsorbed at distant positions, able to easily
migrate on the surface to recombine and give back molecular
hydrogen [57,76,77]. Knozinger et al. hypothesized that the
splitting process occurs on highly unsaturated surface sites [57].
Opposite to the family I of hydride and hydroxyls groups, the
second one (hereafter family II) is more stable and is
characterized by a v(MgH) mode at 1125 cm ™! (broad band)
and by a v(OH) mode at 3712 cm ! (sharp band), see Fig. 4. The
intensity of these bands is highly dependent upon the MgO
surface area and the outgassing temperature [57]. Family II has
been recently assigned to the result of a heterolytic splitting
process occurring at inverse corner sites [78,79]. Note that a third
family of hydride and hydroxyl species (family III in Fig. 4) has
been recently discovered [79] upon lowering the temperature
from RT to 20 K, as it will be discussed in Section 3.2.4.

3.2.2. The identification of the molecularly adsorbed
intermediate species

RT experiments have not been able to detect the molecularly
adsorbed intermediate species, implying that the activation
barrier associated with the H; dissociation reaction is negligible
at RT, so that the splitting reaction is very fast. The possibility to
detect molecularly adsorbed H, molecules lies, therefore, in the
ability to strongly reduce 7, as demonstrated by the recent work
of Gribov et al. [79]. Before discussing the observation of the
intermediate species, let us resume the main features
characterizing the spectra of H, adsorbed at 20 K on hsa
MgO. Fig. 5 shows the IR spectra of H, adsorbed at 20 K on a
hsa (230 m* g~ ") MgO sample as a function of H, coverage 6.
To discriminate between contact time and Py, effects, Gribov
etal. [79] adopted the following experimental strategy. A Py, of
10 mbar has been initially dosed at 20 K on the sample and an
elapsed time of up to 1 h was adopted. Once the IR spectra do
not show any further evolution with time, then the authors
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Fig. 4. Schematic representation of hydride and hydroxyls stretching modes observed upon dosing H, on hsa MgO sample. Families I and II are directly observed in RT
experiments, while family III has been observed only upon cooling the MgO/H, system below 180 K, as discussed successively in Section 3.2.2. Unpublished figure.

started to progressively reduce Py, down to less than 10> mbar
(from back to front in Fig. 5). Focusing the attention on the
hydroxyls and hydrides regions, the same families (I and II) of
hydrides and hydroxyls groups discussed in the case of
adsorption at RT are formed even when H, is dosed on MgO
samples pre-cooled at 20 K, indicating that the involved sites are
very active toward H, dissociation [79]. Upon increasing the H,
equilibrium pressures, the peaks related with family I species
become broader and move simultaneously upward (from 3454 to
3460 cm ™) and downward (from 1325 to 1306 cm™ '), while the
peaks related to family II species show a little tendency to shift.
Both families I and II are irreversible at 20 K.

Together with the products of H, splitting, at high H,
coverage, Gribov et al. [79] detected, for the first time, complex
and intense absorptions in the 4800-4000 cm ™' interval. As
this is the spectral region where the v(HH) mode of molecularly
adsorbed H, is expected [30,63,80-90], the authors ascribed the

three complex components centered at about 4126-4122,
4099-4093 and 4081-4076 cm™"' to Mgs.>*(H,), Mgy > (H,)
and Mg3cz+(H2) molecular adducts, respectively. The expected
ortho—para splitting (of 6. cm™") is clearly visible for the
doublet at 4099-4093 cm™!, while just results in a band
broadening for the remaining two. These values are sig-
nificantly downward shifted with respect to the v(HH) mode of
the unperturbed H, molecule measured in the gas phase by
Raman spectroscopy: 7(HH) = 4161 and 4155 cm™' for the
ortho and para H,, respectively. The assignment of Gribov et al.
[79] reflects thus the increased weakening of the H-H bond
strength expected by moving from the adduct formed on a five-
coordinated, MgSC2+ magnesium cation (regular (1 0 0) surface
site), through the complex formed on a four-coordinated
Mg402+ cation (step site), to the adduct formed on a three
coordinated Mgs.>* cation (corner site): AV(HH) ~ — 38, —62
and —80 cm ™', respectively.

4300 4200

4100
Wavenumber (cm-1)

3500 3450 1350

Fig. 5. Pressure dependence of the IR spectra of H, adsorbed at 20 K on a hsa (230 m? g~') MgO sample. The back spectrum has been collected after an elapsed time
allowing the surface species to reach the equilibrium conditions and corresponds to the maximum H, coverage (Py, = 10 mbar), while the front spectrum has been
recorded after prolonged outgassing at 20 K (Py, < 1073 mbar). Adapted from Ref. [79], with permission. Copyright (2004) by ACS.
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It is useful to recall at this point that the experiment
illustrated in Fig. 5 shows the effect of the H, pressure on the
spectra of the molecularly and dissociatively adsorbed species
after full equilibration of the H,/MgO system at 20 K. It is
however noticeable that, when hydrogen is dosed on hsa MgO
pre-cooled at 20 K, a dependence of the spectrum on contact
time is observed before equilibration is reached. This effect is
shown in Fig. 6. Beside the three already discussed bands in the
v(HH) region a fourth one, exhibiting a much broader character,
is clearly evident at 4031 cm™" in the black bold spectrum of
Fig. 6. Contrarily to the previously assigned bands, this
component, undoubtedly associated with a new molecularly
adsorbed hydrogen species characterized by an even greater
activation of the H-H bond, gradually decreases with time, see
thin curves in Fig. 6. After 1 h of contact at 20K, the
4031 cm™' component is totally eroded (gray bold curve in
Fig. 6, corresponding to the back spectrum in Fig. 5)
demonstrating the transient nature of this fourth molecular
H, surface adduct. The progressive disappearance of the
4031 cm™' band is accompanied in the v(OH) and in the
v(MgH) stretching regions by a significant increase of two
bands at 3460 and 1306 cm™'. As these frequencies are very
close to those already observed in the RT experiments and
ascribed to family I (see Fig. 4), the experiment of Gribov et al.
[79] demonstrates that the splitting of H, and the consequent
formation of the hydrides and hydroxyls groups belonging to
family I passes through the formation of a transient molecular
adduct characterized by a v(HH) of 4031 cm ™ '. The possibility
to detect this band only at 20 K and its behavior with time
implies that the activation energy associated with the H,
splitting reaction is negligible at RT, while it becomes
comparable (slightly higher) than kT at 20 K. Conversely, the
formation of the hydrides and hydroxyls groups belonging to
family II is still immediate even at 20 K, implying an energy
barrier much lower than kT even at 20 K, and thus explaining

the impossibility to detect the intermediate molecular adduct
under these experimental conditions.

3.2.3. Evaluation of the adsorption energy for molecular
adsorbed H, adducts

In the previous section, we have discussed the effect that a
Py, variation has on the IR spectra of the MgO/H, system in
equilibrium conditions as far as the surface molecular bonded
and heterolitically adsorbed species are concerned. In that
experiment the thermodynamic parameter T was kept constant
at 20 K. Gribov et al. [79], starting from the same initial
conditions, have also performed experiments where the Py,
was kept constant and the T was progressively increased. In
such isobaric experiment they observed the progressive
desorption of the most labile species which are, in the
desorption order, the Mgs.>*(H»), Mgu.>*(Hs) and Mgs.>*(H,)
molecular adducts. By applying the same method previously
discussed for the CO adsorption on the Mg>" sites (vide supra
Section 3.1.1), authors [79] obtained the specific adsorption
energy for the formation of the molecular adducts: these were
3.6 kJ/mol for the Mg5cz+(H2) adducts on regular (1 0 0) planes;
4.6 kJ/mol for the Mg4cz+(H2) species on edges and 7.5 kJ/mol
for the Mg302+(H2) ones on corners (see Fig. 2).

3.2.4. Conclusive remarks: the novelties arising from
experiments of H, adsorbed at 20 K

Splitting of hydrogen at RT on Mg**O®~ surface pairs and
the consequent formation of families of hydroxyl and hydride
species was already described in the literature concerning RT
experiments. It is worth recalling that in such conditions it was
however not possible to detect molecularly adsorbed precursors
(if any) in the dissociation reaction. This goal has been achieved
by Gribov et al. [79] by experiments performed at 20 K, which
allowed to observe, for the first time, transient molecular
precursor of the hydride and hydroxyl species belonging to
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Fig. 6. Dependence on the contact time of the spectrum of H, adsorbed at 20 K on hsa MgO (230 m* g~ ). For clarity, only the v(HH) (4160-3950 cm ™) region and
the v(OH) (3520-3380 cm™!) and v(MgH) (1360-1260 cm™h) regions of family I are shown (parts a, b and c, respectively), as the v(OH) and v(MgH) modes of family
II do not show any appreciable time dependence. Bold black line: immediately after the dosage of 10 mbar of H, on the sample pre-cooled at 20 K. Bold gray line:
after one hour of contact at 20 K. Light black lines: intermediate contact times. The arrows show the evolution of the spectra with time. Adapted from Ref. [79], with

permission. Copyright (2004) by ACS.
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family I (Fig. 6). This makes possible to establish an energetic
scale in the activation barrier of the heterolytic H, dissociation
between hydroxyl and hydride species belonging to families I
and II.

Furthermore, in addition to those already known, the
formation of a third family of hydroxyl and hydride species was
discovered to occur [79] when H is first dosed at RT on a hsa
MgO sample and the T then gradually lowered down to 20 K in
H, atmosphere. Following this procedure, at about 180 K, a
new couple of bands appears at 3547 and 1430 cm ™' which are
assigned to the v(MgH) and v(OH) modes of a third family of
hydroxyl and hydride species, as anticipated in Fig. 4, which are
not reversible upon decreasing Py, down to 10~ mbar at 20 K.

Combining all this set of time-, pressure- and temperature-
dependent IR studies with parallel high resolution TEM and AFM
investigations Gribov et al. [79] have been able to give an
assignment of the three families of hydroxyl and hydride species,
as summarized in Fig. 4, on a local structural ground. Without
entering in the details of the arguments resulting in the
assignment, we just report here the conclusions, by recalling
that inverse anionic and cationic corners play a key role in the H,
splitting. Family I corresponds to H* coordinated to three 0>~
surface anions and to H ™ coordinated to two surface Mg** cations.
Family IT is due to H* coordinated to one O~ surface anions and
to H™ coordinated to three surface Mg>* cations. Finally, family
III corresponds to H* coordinated to two O*~ surface anions and
to H™ coordinated to one surface Mg2+ cations. In conclusion, the
low temperature experiments here reviewed represent a nice
example of the improvements which can be reached in the
structural characterization of the oxide surface with respect to the
conventional experiments carried out at RT.

3.3. H, adsorption on exchanged Cu*-ZSM-5: FT-IR
experiments at 20 K

The potentialities of monitoring by means of FT-IR
spectroscopy the adsorption of probe molecules at temperature
lower than liquid nitrogen have been recently extended also to
microporous systems, such as zeolites and MOFs
[30,50,51,91]. As an example, we report here the recent results
obtained on a Cu™ exchanged ZSM-5 zeolite, by following the
evolution of Cu*(H,) adducts as a function of H, pressure and
temperature. It is well known that the extraframework Cu*
counterions in Cu*-ZSM-5 present very peculiar chemical
properties, such as a specific catalytic activity in deNO,
reactions [92] and the ability to form uncommon complexes
like the homopletic [Cu(CO)s]* tri-carbonyl [31,32,36,38] and
the Cu*(N,) dinitrogen adducts [29,31]. This is mainly due to
the structure of the Cu* ions, which are highly coordinatively
unsaturated and thus easily accessible to molecules moving
inside the zeolite channels [34,39,42]. Very recently, it has been
reported that intrazeolitic Cu* species can also bind molecular
H, at room temperature [30,93,94], a rather surprising finding
when considering that the only Cu*(H,) complex previously
known was the [Cu(nz—Hz)Cl] adduct isolated by co-
condensation of CuCl and H, in an Ar matrix [95]. The
interest of a microporous system able to reversibly adsorb H, at
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Fig. 7. IR spectra of H, adsorbed on Cu*-ZSM-5 (previously outgassed for 1 h
at 773 K) as a function of the gas phase equilibrium pressure (upper curve, gray:
20 Torr; lower curve: <1 x 10~ Torr) at constant temperature (15 K). Adapted
from Ref. [30], with permission. Copyright (2004) by RSC.

room temperature is self-evident, because it satisfies one of the
pre-requisites for hydrogen storage [71].

3.3.1. Evolution of the Cu*(H,) adducts at 15 K as a
function of H, pressure

Fig. 7 illustrates the effect of reducing the Py, at the constant
temperature of 15 K on Cu*-ZSM-5. The Cu*(H,) interaction at
Py, below 10~ Torr, front spectrum in Fig. 7, gives rise to
absorptions at 3222 cm ™' (very weak), ca. 3130 cm™! (very
weak and broad) and 3079 cm™' (weak but well defined).
According to the work of Plitt et al. [95] on the [Cu(nz-Hz)Cl]
adducts isolated in Ar matrix the highest frequency component
is assigned to H, adsorbed on residual CuCl nanoclusters
entrapped in the zeolitic channels after the ion exchange
procedure and not completely removed by the activation
procedure. The bands at 3130 and 3079 cm ' are assigned to
similar Cu*(H,) adducts formed on the ions counterbalancing
the ZSM-5 framework negative charge. The presence of a
doublet can be accounted for by recalling that in the ZSM-5
structure Cu” can occupy slightly different locations [29,31,96]
differing for the number of framework oxygen ligands entering
the Cu* first coordination sphere. It is worth noticing that H, is
able to distinguish between these two different types of sites,
giving rise to two bands separated by 51 cm™'. This is a
consequence of the fact that we are perturbing a single bond H-
H (vide supra Section 1.). This was not the case of probes
characterized by triple bonds, like C=0, N=O0 or N=N, that
were unable to distinguish between adducts formed on the two
different families of sites [29,31,32,36,38]. The component at
3130 cm ™!, characterized by the lower |AG(HH)|, is ascribed to
Cu*(H,) adducts formed on three-fold coordinated cuprous
jons, while that at 3079 cm ' is due to Cu*(H,) adducts
adsorbed on more coordinatively unsaturated Cu* cations
(exhibiting only two framework oxygen atoms in their
coordination sphere) [30].



76 G. Spoto et al./Catalysis Today 113 (2006) 65-80

The downward shift (AG(HH) = —1030 and —1080 cm ™)
with respect to unperturbed gaseous H, (Raman band at
4161 cm™") is remarkable when compared with analogous
complexes formed upon dosing H, on Na-ZSM-5, where
AD(HH) is — 61 cm~' [30,77]. It is widespread opinion that a
large shift (of the order of —1000 cm ") of the f(HH) frequency
in Cu*(H,) molecular complexes in side-on configuration is the
symptom of a strong interaction involving weak electrostatic
(charge-induced dipole and charge quadrupole) and strong
chemical (donation from the H, o orbital and back-donation
from the 3dm Cu* orbitals) contributions [30,93,95,97]. The o
donation in the 4s orbital and back-donation from the dw
orbitals of Cu* are synergistic and lead to the formation of three
center Cu™(H,) covalent bonds, where back-donation weakens
the H-H bond to a very large extent. This is reflected in the
relatively large interaction energy (6080 kJ mol ') [30,93,95].
The covalent character of the Cu*-H bonds in the side-on
Cu*(H,) species also accounts for the low intensity of the 5(HH)
mode because the H-H stretching is not accompanied by
strong dipole oscillations along the covalent Cu*(H,) and H-H
bonds.

The upward shift (and broadening) of both 3130 and
3079 cm~ ! bands upon increasing Py, , see the front to back
evolution in the spectra reported in Fig. 7, is due to
solvatation and transformation of the pristine Cu*(H,) into
Cu*(H,), polynuclear adducts occurring when the zeolite
channels are filled by a H, liquid-like phase. This is
accompanied by weakening of the Cu*- - -H, interaction and,
consequently, by a shift of the {(HH) band toward that of gas
phase H, [30,97]. A successive prolonged outgassing at 15 K
restores the spectrum previously discussed (front spectrum in
Fig. 7), meaning that we are dealing with species irreversible
at this temperature.

3.3.2. Evolution of the Cu™(H,) adducts at constant H,
pressure as a function of temperature

Fig. 8 shows the spectra obtained upon dosage of hydrogen
at 300 K (front spectrum) and by progressive lowering of the
temperature down to 15K (back spectrum). The room
temperature spectrum exhibits the same triplet than that
collected at 15 K and low Py,, already discussed above (see
front spectrum in Fig. 7). The differences in the IR features
concern the lower intensity, the broader character and the
reversibility upon outgassing. The effects of the temperature
decrease on the IR features can be commented by dividing the
sequence into two ranges: 300-100 and 100-15 K. Down to
100 K we basically observe an increase of the bands intensity
with a parallel narrowing (of modest entity). In the 100-15 K
interval, the effect is similar to that observed upon increasing
Py, at 15K (see Fig. 7): important band broadening acco-
mpanied by a decrease of the batochromic shift of all the
components. This equivalence is due to the fact that, in both
experiments, the dominating effect is the progressive filling of
the zeolite pores by physisorbed H, molecules.

The use of low temperature in the investigation of the H,
adsorption is not mandatory in this case owing to the
extraordinary AH value of the Cu*(H,) adducts, but has been
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Fig. 8. IR spectra of H, adsorbed on Cu*-ZSM-5 (previously outgassed for 1 h
at 773 K) as a function of the temperature (varied in the 300-15 K interval) at
nearly constant gas phase equilibrium pressure (20 Torr). Adapted from Ref.
[30], with permission. Copyright (2004) by RSC.

necessary to observe the formation of polynuclear
Cu*(H,), adducts, characterized by much lower adsorption
enthalpies.

3.4. Interaction of CO and H, with protonic sites in
H-SSZ-13 zeolite

Zeolite and zeotype materials having the chabazite topology,
such as H-CHA, H-SSZ-13 (the low Al zeolite with CHA
structure) and H-SAPO-34, have generated a great interest in
the catalytic community as H-SAPO-34 has shown to be
particularly promising for the reaction where CH;OH is
converted into a mixture of light olefins and H,O [98-101].

The chabazite lattice is composed of layers of double six-
rings that are interconnected by four-rings, leading to a regular
arrangement of barrel shaped cages. The cages are accessible
through eight-ring windows. The chabazite structure provides
four crystallographic independent oxygen atoms, labeled as
O(1), O(2), O(3) and O(4) according to the nomenclature
introduced by Smith et al. [102]. Consequently, the chabazite
structure provides four possible acid site configurations,
depending on to which oxygen atom the proton is attached:
H(1), H(2), H(3) and H(4). The four site-topologies are rather
similar and all protons are exposed to the cage. A minor
relevant difference is that O(1), O(2) and O(4) are all parts of
the eight-membered ring window, delimiting the CHA cage,
while O(3) is protruding inside the cage and is not part of the
open window of the cage. This characteristic, together with the
fact that, in vacuum conditions, a proton in H(3) could interact
with an oxygen of six-ring window, forming an H-bond, makes
this site slightly different from the others and is expected to
need a higher equilibrium pressures to form adducts with probe
molecules.
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In collaboration with the Chemistry Department of the Oslo
University (Bjgrgen and Lillerud), we have recently performed
an IR investigation of H-SSZ-13 and of the isostructural
H-SAPO-34 material, by studying CO adsorption at 70 K [50]
and H, adsorption at 15 K [51]. The results demonstrate that H-
SSZ-13 is a strong Brgnsted acidic material, essentially having
two distinct families of acidic sites. In contrast to numerous
preceding reports [102,103], where only two protonic sites,
H(1) and H(2) have been hypothesized to be populated, the new
low temperature IR experiments highlighted a proton distribu-
tions among all four crystallographic independent sites. The
new data consistently suggest that the most abundant family of
protons occupies sites H(1), H(2), and H(4). Protons hosted in
these three sites are almost indistinguishable on a spectroscopic
ground. The second, and less abundant family, occupies site
H(3). This proton is therefore only exposed to one cage.

The IR spectrum of the zeolite before molecule dosage is
characterized by two families of Brgnsted sites characterized
by a 5(OH) component at 3616 and 3584 cm ™', see full black
line curves in Fig. 9a and c, known in the literature as high
frequency (HF) and low frequency (LF) component, respec-
tively [50,51,102,103]. Note that the LF band is less intense
than the HF band and, as its extinction coefficient is higher, this
observation implies that the LF sites correspond to a minor
fraction of the total set of proton sites in H-SSZ-13. Upon
interaction with both CO and H, molecules (gray and dotted
lines in Fig. 9a and c, respectively) the HF component is eroded
first and the LF later. The same occurs when H>O or CH;OH are

used as probes [104]. On the basis of these spectroscopic
evidences Bordiga et al. [50,51,104] concluded that the HF
band is due to spectroscopically indistinguishable protons H(1),
H(2), and H(4), while the LF band is due to less accessible
protons in the less occupied H(3) site, the only one not directly
exposed to the eight-ring window.

We will now move to discuss the frequency region of the C-O
stretching. The formation of hydrogen bonded adducts between
strong Brgnsted sites and CO molecules, is also accompanied by
a perturbation of the internal vibration of the base (Fig. 9b).
Starting from the lowest CO coverage, a component is clearly
visible at 2177 cm ™', Aj(CO) = +38 cm~'. The component is
ascribed to CO adsorbed on strong bridging Brgnsted acidic
sites H(1), H(2), and H(4). By increasing the CO coverage we
observe a gradual shift of the maximum towards lower
frequency (2174 cm™') as an indication of the gradual cage
filling [88] with formation also of multi adducts and of
OH-.--CO adducts on sites H(3). Notwithstanding the
frequency shift, the CO molecule has not been able to
distinguish between adducts formed on HF and on LF
Brgnsted sites owing to the absence of two distinct C-O
stretching bands. At higher P, a component at 2164 cm ™' is
clearly visible in Fig. 9b, and is due to the interaction between
CO and external silanol groups. Coming back to the O-H
stretching region (Fig. 9a) the formation of the C-O
stretching band in the 2177-2174 cm ™' interval results in
the erosion of both HF and LF Brgnsted bands and to

the appearance of a red-shifted band at 3300cm ',

Wavenumber (cm 1)

3600 3400 3200

3750 3700 3650 3600 3550
() :
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T T T
2175 2150

T T T
4150 4100
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Fig. 9. IR spectra of CO and H, dosed on H-SSZ-13 zeolite. Parts (a) and (b) report the effect of CO dosage at 70 K in the O-H and C-O stretching regions,
respectively. Part (a) shows the background, colleted before CO dosage (black full line), and two spectra recorded at increasing CO doses: gray and dotted curves,
respectively. Part (b) shows background subtracted spectra collected at increasing CO coverage (gray and dotted curves refers to the spectra reported in part a). Parts

(c) and (d), as parts (a) and (b) for H, dosed at 15 K.
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AD(OH) = —316cm™!, due to the v(OH) modes of OH- - -CO
adducts. The presence of an unresolved single red-shifted
V(OH) component suggests that the acidity of the HF and LF
families of Brgnsted sites, measured by CO, is equivalent.
This means that the HF and LF families are different under
vacuum conditions (owing to a different neighbour environ-
ment), but the resulting OH---CO complexes cannot be
differentiated by IR spectroscopy.

Fig. 9d reports the H-H stretching frequency region.
The formation of adducts between H, molecules and strong
Brgnsted sites, testified by the consumption of the HF
band (Fig. 9c), leads to the IR activation of the
v(HH) vibration of the molecule. Two bands with maxima
at 4109 cm™', AG(HH) = —52cm™!, and at 4090 cm ',
AP(HH) = —71cm™!, can be seen in the low coverage
spectra of Fig. 9d. These shifts are comparable to those
observed for H, interacting with defective Mgs.>* or Mgs >
cations located at step (AJ(HH) = —62c¢m~') and corner
(AD(HH) = —80cm™') sites of hsa MgO, see Section 3.2.2
and Fig. 5. The component at 4109 cm™', growing in
intensity in a parallel manner as the 3548 cm™' band
(AD(OH) = —64cm~!, Fig. 9¢), is inherently linked to the
adduct formation between H, and protons located in H(1),
H(2), and H(4) sites. The component at 4090 cm ! is less
intense, even though it has an higher extinction coefficient,
and should originate from the interaction of H, with the
significantly less abundant family of sites H(3). The growth
of the 4090 cm™' band is accompanied, in the O-H
stretching region, by the complete erosion of the LF
component, and by the shift of the band of engaged
Bronsted sites from 3547 shifts 3536 cm ™! (evolution from
gray to dotted curve in Fig. 9c). The shift towards lower
frequency of the v(OH) component is the result of two
phenomena. On one side, there is the contribution of LF
species interacting very strongly with H,, and on the other
side there is the condensation of H, inside the pores
which causes a progressive shift to lower frequencies of the
overall spectrum. In the meantime, in the H-H stretching
region (Fig. 9d), a new band associated with slightly
perturbed H,, appears at 4130 cm ™' (AG(OH) = —31cm™").
According to the consumption of the 3740 cm™' band of
external silanols (dotted curve in Fig. 9c), the 4130 cm ™!
band is assigned to Si—OH---H, adducts formed at the
surface of the zeolite crystals. A parallel experiment with the
isostructural H-SAPO-34 (not reported here for brevity), has
shown very similar results confirming the present assignment
[91].

As was the case for the Cu*-ZSM-5 system, also in the case
of the H-SSZ-13 zeolite, H, has shown to be a more
informative probe than CO as it has been able to better
discriminate between two slightly different families of
adsorbing sites: two-fold versus three-fold coordinated Cu™*
ions in Cu*-ZSM-5 and H(1), H(2), and H(4) versus H(3) sites
in H-SSZ-13. This is mainly due to the fact that the same
adsorbing sites are able to greatly perturb a single bond like the
H-H one, rather than a triple bond like in the C=0 case, thus
resulting in higher frequency shifts.

As discussed in Section 3.1.1 for the adsorption of CO on
MgO and in Section 3.2.2 for the adsorption of H, on MgO
(vide supra Fig. 2), we have quantified the adsorption energy
of H, on the Brgnsted acidic sites of the H-SSZ-13 zeolite by
isobaric IR experiments in the 30015 K temperature range.
In the present case, an adsorption energy of 9.7 &+ 0.3 kJ/mol
was calculated, which represents a remarkable value, greater
than that observed for H, adsorbed on the defective three-fold
coordinates sites of high surface area MgO (7.5 kJ/mol,
see Section 3.2.3 and Fig. 2). Clearly, H-SSZ-13 zeolite
represents a rather promising example of a material where an
appreciable interaction energy between hydrogen and specific
surface sites is associated with a relevant storage property
[51].

4. Conclusions

In this contribution we discuss recent results obtained in the
field of transmission IR spectroscopy of adsorbed probe
molecules by performing experiments below the liquid nitrogen
temperature. The lower temperature value at which IR
experiments on high surface area powdered materials were
performed was limited up to now to 77 K, mainly for practical
problems. This temperature frontier has been broken down very
recently, thanks to the realization in our laboratory of an unique
experimental set-up able to perform FT-IR experiments in
transmission mode down to 15 K, on materials activated in situ
under vacuum conditions (P < 10~* Torr) and at temperatures
up to 1100 K. The lowering of the temperature below the 77 K
barrier allows to use as probe molecules also those weakly
interacting with the surface sites, i.e. the less perturbing ones,
such as H, and N,. In particular, the possibility to use H, opens
new prospects in the discrimination among rather similar
surface sites.

By illustrating as case studies the adsorption of CO and H,
on MgO surface and the H, adsorption on Cu*-ZSM-5 zeolite,
we demonstrate that the experiments carried out in the 15—
300 K temperature interval can be of extreme utility for
complementing the experimental information on the surface
structure obtained with similar experiments performed at liquid
nitrogen temperature. It is demonstrated that very low
temperature allows a much better comparison between results
in surface science and in catalysis, mainly because of the high
resolution attained at low temperature, but also because of the
similarity of the observation conditions. Furthermore, it is
shown that, unlike classical calorimetric experiments, where
just integrated (on all adsorption sites) values are accessed, new
site-specific thermodynamic data can be obtained.

Finally, the possibility to perform IR experiments in the 15—
77 K range allowed us to use in an extensive way H, as probe
molecules for surface sites. This is a great advantage as H, has
shown a higher ability in discriminating slightly different
surface sites than the more conventionally used CO or NO
probes. The reason of this is mainly due to the fact that the same
adsorbing sites are able to greatly perturb a single bond like the
H-H one, rather than a triple bond like in the C=0 or N=0
cases, thus resulting in higher frequency shifts.
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Note added in proofs

Between the manuscript submission and the proofs
correction stages two important papers have been published
that should not be overlooked [105,106].
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