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1. Introduction

Vibrational spectroscopies, mainly infrared but to some extent also Raman, have been among the
most informative techniques in understanding the structure and the reactivity of surface species
present in high surface area materials such as oxides, zeolites and, more recently, MOFs.[1-18] In the
specific case of MOFs, the peculiar sensitivity of vibrational techniques to different chemical groups
allows to verify the presence/absence of the solvent phase, to identify the nature of the linkers, to
determine the successful insertion of functional groups, and to evidence the possible presence of
structural defects in the framework. Section 2 is devoted to the discussion of such aspects showing
how the technique is able to check the quality of the synthesis products.

The possible presence of coordination vacancies at the metal center created after the desolvation can
be investigated using appropriate probe molecules and measuring the probe-surface interaction via
the perturbation inferred to the probe by the adsorption sites. The observables are the changes in
vibrational frequency and intensity of the probe modes. IR-inactive modes can also be observed as a
result of the interaction with the surface. In MOFs it is also possible to follow induced changes of
skeletal and surfaces modes of the framework. Such information is of crucial relevance for
applications such as gas adsorption, separation and storage, and pertinent examples are reported in
Section 3.

Finally, Section 4 describes how the use of infrared is able to monitor catalytic reactions inside MOFs.
Summarizing, this brief review work is aimed to underline, with pertinent specific examples, how IR
and Raman can contribute to a better understanding of MOFs structure, properties and reactivity.

2. Raman and IR spectroscopy to check the synthesis product

2.1 Identification of defects in UiO-66

In the case of UiO-66 synthesis,[19] there is a lack of understanding of how the product is affected
by changes in synthesis parameters. There are several ways in which a given UiO-66 sample may
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differ from the idealized, nondefective material of composition ZrsO4(OH)4(BDC)s.[20,21] The most
dramatic way that a sample may deviate from ideality is that it may have a significantly lower thermal
stability than expected. In ref.[22] a systematic study, demonstrating the dramatic yet logical impact
that the synthesis conditions can have on the properties of UiO-66, is reported. It has been found that,
above all others, a method previously employed by Serre and co-workers[23] reproducibly yields a
robust product with high thermal stability. Two features of this procedure stand out: (1) the use of
220 °C as the synthesis temperature and (2) an excess of BDC is added such that the BDC:Zr molar
ratio in solution is 2:1. This differs from most other synthesis procedures in which the synthesis
temperature is typically limited to 90—120 °C and BDC is added to the synthesis mixture in a 1:1
stoichiometric ratio with Zr.[19]

With the aim of elucidating why the former method produces a superior UiO-66 product, a systematic
series of samples, in which three different synthesis temperatures (100, 160, and 220 °C) and five
different BDC:Zr ratios (1:1, 5:4, 3:2, 7:4, and 2:1) were used, have been synthesized and then
characterized. Moreover, the effect of DMF washing and methanol exchange procedures has been
assessed. Samples were labeled by the formula “UiO-66-X-L:M-y” where x = synthesis temperature,
L:M = BDC:Zr ratio, and y describes the extent of washing (blank = unwashed, 2DMF = washed
twice in DMF, MeOH = methanol exchanged after two DMF washes).[22]

Figure 1 compares the Raman spectra recorded on the samples at the two extremities of the series (grey
curve: UiO-66-100-1:1-MeOH; red curve: UiO-66-220-2:1-MeOH) with that simulated[24] from a
model of the ideal UiO-66 structure (green curve).

The close resemblance of the simulated Raman spectrum to that experimentally collected on UiO-66-
220-2:1-MeOH is conspicuous, a finding which not only emphasizes the ideality of the sample, but
also allows the synergistic power of the experimental/computational approach to be demonstrated.
That is, the complete Raman spectrum of UiO-66-220-2:1 can now be assigned irrefutably by
visualization of the relevant vibrational modes on the idealized model. Note that this is only possible
due to the near equivalence of the experimental and simulated data. The full assignment is presented
in ref. [22], where the web address link (http://www.crystal.unito.it/vibs/uio66 _hydro/)[25,26] to
visualize the vibrational modes of UiO-66 may via animations is also given.

In Figure 1, it can be seen that the spectrum of UiO-66-100-1:1 (grey curves) clearly deviates from the
model. Several discrepancies are observed, with the most severe being accentuated by asterisks. To
this end, the model once again proves useful in that it tells us that the two asterisked regions
(appearing at ca. 1450 and 870 cm™1) are associated with carboxylate based and O-H bending modes
respectively. Carboxylate based modes are exactly those one would expect to be most affected by
linker deficiencies. The observation of peculiarities in this region therefore provides compelling
further evidence for the presence of missing linker defects on this sample. Of further note is the
distinct lack of bands below 500 cm in the spectrum of this material, a region where several bands
are expected to appear. The majority of the bands in this portion of the spectrum are associated with
vibrations involving the Zr-O bonds of the inorganic cornerstones. The absence of these bands
suggests that either the cornerstone vibrations are strongly affected by linker deficiencies or there are
defects on the clusters themselves.
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Figure 1. Part a: Representation of the 3D structure of the UiO-66 with 1,4-benzene-dicarboxylate (BDC) as linker. Part
b: Raman spectra simulated from a model of the ideal UiO-66 structure (green curve), measured on UiO-66-220-2:1-
MeOH (red curve), measured on UiO-66-100-1:1-MeOH (grey curve); before measurement, the samples were activated
at 150 °C for 2h under vacuum. Spectral regions which deviate significantly from the model spectrum are marked by
asterisks.[Part a: adapted from adapted from Ref.[19] with permission, copyright ACS 2008; Part b: adapted from Ref.[22]
with permission, copyright ACS 2014]

2.2. ldentification of Lewis acidity as possible defects in MIL-140 MOFs

Recently, Serre et al.[27] reported the synthesis of porous zirconium dicarboxylate MOFs based on
the reactions of ZrCls with 1,4-H.BDC (1,4-benzenedicarboxylic acid), 2,6-H.NDC (2,6-
naphthalenedicarboxylic acid), 4,4’-H.BPDC (4,4’-biphenyldicarboxylic acid), and H.Cl.ABDC
(3,3’-dichloro-4,4’-azobenzenedicarboxylic acid). A whole series of porous zirconium dicarboxylate
solids, denoted MIL-140A to MIL-140D, with a general formula [ZrO(O2CR-CO>)] (R=C¢Ha4 (MIL-
140A), CioHes (B), Ci2Hg (C), C12N2HsCl> (D)) has been isolated and characterized, and their
properties compared with those of the polymorphs UiO-66 and its upper analogues.[27]

These solids all have the same ¢ parameter (ca. 7.8 A), consistent with the inorganic subunit of
complex zirconium oxide chains, oriented along the ¢ axis (see Figure 2), connected to six other chains
through the dicarboxylate linkers. This delimits triangular channels along the ¢ axis. The zirconium
atoms exhibit a seven coordination mode with three uz-O oxygen atoms and four oxygen atoms from
the dicarboxylate groups. Inorganic chains can be considered either as resulting from the linkage of
two parallel corner-sharing chains or chains of edge-sharing dimers of zirconium polyhedra.

Unlike the UiO series (formulated as [ZrsOs(OH)4(02C-R-C0>)6],[19,28] no structural hydroxy
groups but only minor amounts of coordinated water were identified by IR spectroscopy on the MIL-
140s. This composition was reflected by the lack of any Brgnsted acidity in the in vacuum activated
materials.

In the 150-200°C range under vacuum DMF was removed first; adsorbed water (band around 1639
cm™1) and acid (band in the 1730-1740 cm~ range) were fully removed at 250 °C under vacuum
resulting in materials free of any impurities. All the MOFs remained stable under vacuum up to 350°C
at least (see Figure 2b and c). The region corresponding to the hydroxyl groups is shown in Figure 2d.
Before activation or after heating under vacuum at moderate temperature, a broad band was observed
at 3639 cm~! on MIL-140A, MIL-140B and MIL-140C and at 3619 cm™ on MIL-140D. Another
large perturbation around 3300 cm~* may also be observed indicative of H-bonding perturbation
which starts decreasing upon evacuation. These bands disappeared completely after activation at
300°C. The bands around 3600 cm™ are broader than those found for the structural hydroxyls on
UiO-66. In addition, it is noteworthy that their intensity decreased at the same time as the band at
1638 cm™L. This suggests that the bands around 3600 cm~ rather belong to coordinated water. On
MIL-140A and C, a very weak and sharp band is observed at 3673 cm~* which might be indicative
of a low amount of hydroxyls probably present on defective sites. Conversely Lewis acid sites were
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detected by the presence of an adsorption band characteristic of coordinated CD3CN species (v(CN)
mode at 2300 cm™?). This band is at the same position for all the MIL-140 solids, which implies a
similar acid strength. However, the intensity of the band, hence the amount of Lewis acid sites
detected by CDsCN, varies from one solid to the other (see Figure 2€).

While comparable for MIL-140A and C, the concentration of Lewis acid sites is highest for MIL-
140D, however MIL-140A,C, and D have similar values when expressed in amount of sites per m?
of surface area. Noteworthy, the amount of Lewis sites on MIL-140D represents one tenth of the Zr
atoms which compares well with the values obtained for UiO-66 (see Figure 2f).

The presence of Lewis acid sites could be tentatively attributed to acidic sites on the external surface.
However, this is unlikely, as pyridine, which is not expected to enter the pores of MIL-140A, should
be adsorbed just as well on the external surface, which is not the case. Only a very small amount of
sites was detected for MIL-140B, which was further confirmed by both pyridine and CO adsorption
at 77 K. Nevertheless, the low amount of coordinately unsaturated sites (less than 10% of the Zr
atoms) precludes their identification by PXRD. These Lewis acid sites could originate from 1) the
dehydration of coordinated species, such as for UiO-66, 2) the presence of defects, or 3) a local
change in the coordination mode of the Zr atoms upon adsorption of species. Thermogravimetric
analysis (TGA) and IR spectroscopy were therefore used to qualitatively assess the hydrophobic
character of these solids.

MIL-140s can be considered as rare examples of slightly hydrophobic porous solids that have a
significant amount of Lewis acid sites. Besides, these materials revealed a high hydrothermal and a
good mechanical stability. This paves the way for their use for applications, such as catalysis,
adsorption, or separation.
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Figure 2. Part a: left, view of the crystal structure for the series of MIL-140(Zr) solids along the ¢ axis; right: view of
the inorganic subunit of MIL-140, Zr atoms or polyhedra blue, C black, and CI green, O atoms from the linker are red
and oxo groups are gray. Part b: FTIR spectra on the MIL-140 solids, after heating at 50°C (full lines) and 300°C (dashed
lines). Part c: Relative intensity determined by FTIR spectra of remaining free acid on the MIL-140 solids after thermal
treatment. Part d: FTIR spectra on the MIL-140 solids, after heating under vacuum at 50°C (full lines), 150°C
(intermediate) and 300°C (dashed lines). Part e: Acidity of the MIL-140s determined by CD3CN adsorption monitored
by FTIR spectroscopy. Part f: density of Lewis acid sites, based on the mass of the solid (black bars; left scale), to its
BET surface area (light gray bars; outer left scale), or to the number of Zr atoms (dark gray bars; right scale). [Adapted
with permission from Ref. [27], copyright Wiley VCH 2012].
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2.3 Evaluation of functionalization effect in mixed-ligand UiO-66 MOFs

A series of mixed-ligand [1,4-benzenedicarboxylic acid (BDC)/2-amino-1,4-benzenedicarboxylic
acid (ABDC)] UiO-66 metal-organic frameworks (MOFs), synthesized through two different
methods (low (LT) and high temperature (HT)) and having NH> content ranging from 0 to 100% (see
Figure 1a) have been studied by focusing the attention on the CO> adsorption performance.[29,30]
For the two series of samples, preliminary FTIR studies on the best activation temperature (in vacuo)
were performed. In particular, the aim was to identify the minimum temperature at which all residual
solvent (H20 and traces of DMF) could be removed, while preserving the majority of the structural
hydroxyl groups on the LT/HT UiO-66 samples. All other samples were then subjected to the same
treatment. The required activation conditions were different, depending on the synthesis method used:
393 K for 2 h for the LT samples and 423 K for 1 h for the HT samples. The FTIR spectra recorded
on activated LT- and HT-ML-MOFs are reported in Figure 3b1 and 3b2, respectively. A very intense
band 3673 cm™! can be observed in all spectra; this was previously assigned to hydroxyl groups on
the inorganic cornerstones of the materials.[31] The intensity of this band is observed to decrease
with increasing 2-amino-1,4-benzenedicarboxylic acid (ABDC) content, as clearly shown in the inset
of Figure 3b1, in which the spectra obtained for LT-UiO-66 and LT-UiO-66-NH> are compared.
Focusing attention on the spectra recorded on the LT-MLMOFs (Figure 3b1), the intensity of the
asymmetric and symmetric NH stretching bands, appearing at 3518 and 3404 cm~2, respectively, can
be clearly seen to systematically increase with the amino content of the samples. These two bands are
blue-shifted with respect to those observed on the free ABDC ligand (3508 and 3393 cm1).[32] This
means that the NH2 groups in the MOFs undergo hydrogen bonding to a lesser extent than those in
pure ABDC. Interestingly, a shoulder at 3328 cm~? is only clearly visible on the spectra recorded on
the LT-ML-MOF series of samples. At lower (1800-900 cm~! range) vibrational frequencies, the
spectra of the amino-modified materials show additional bands with respect to the unfunctionalized
material at 1707, 1656, 1628, 1339, and 1254 cm™ (close to the range of OCO carboxylate
asymmetric and symmetric stretching modes, 1650-1350 cm~1)[31] and at 1127 and 968 cm~*. Some
of these bands feature in the FTIR spectrum simulated from the model UiO-66-NH»-50 structure (see
Figure 3C).

The intensity of all of these bands increases in proportion to the amino content of the samples.
Conversely, the very sharp and intense band at 1019 cm~ is progressively eroded with increasing
amino content. This band is assigned to one of the benzene ring CH deformation modes and is
particularly active when the NH> functionality is absent.[31] Diffuse reflectance infrared Fourier
transform (DRIFT) results previously reported by Chavan et al.[29] confirm some of these
observations.

The same qualitative changes to the MOF spectra with NH> content are also observed for the HT-
ML-MOFs (Figure 3b2). However, the NH> stretching bands appear at the lower frequencies of 3495
and 3387 cm?, respectively, such that they are red-shifted with respect to the free ABDC linker.
Furthermore, the full-width at half maximum (FWHM) increases such that observation of the low-
frequency shoulder is obscured. At frequencies higher than those of the carboxylate OCO stretching
modes (1650-1350 cm™),[31] only a single shouldering band is present, whereas, at lower
frequencies, bands centered at 1339, 1254, 1127, and 968 cm~ are observed. Erosion of the benzene
ring CH deformation band at 1019 cm~! is also observed in this HT-ML-MOF series.

The IR spectrum simulated from an idealized model of UiO-66-NH2-50 is reported in Figure 3¢ and
shows good agreement with that of LT-UiO-66-NH2-57. In the NH stretching region, two peaks are
clearly observed, due to asymmetric and symmetric vibrations of NH> functional groups. For a better
comparison between the computed and experimental IR spectra, an estimated anharmonic correction
of 150 and 122 cm~ was applied to the OH and NH stretching modes, respectively, while frequencies
in the 3300-1000 cm~! range were uniformly scaled by a factor 0.98. In addition, a larger FHWH
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(Full Width at Half Maximum) was used for the NH stretching modes to take into account the
broadening of the corresponding peaks due to the H-bonding interaction of the NH> group with the
oxygen of the carboxylate.

The resulting simulated spectrum nicely agrees with that obtained experimentally. The OH and NH
stretching regions fit particularly well with the model, such that a semi-quantitative agreement is
observed, allowing the three bands to be unambiguously assigned to one OH stretch and two NH
stretching modes. In addition, computed data confirm that the peak around 1019 cm is characterized
by modes due to the C-H deformation of the linkers without the amino groups, as for UiO-66, while
the new bands around 1050 and 980 cm~* are CH deformations coupled with NH modes in the ABDC
linkers. It turns out that the intensity of the band at 1019 cm~ decreases as observed experimentally.
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Figure 3. Part a: 3D model of the structure of mixed-ligand [1,4-benzenedicarboxylic acid (BDC)/2-amino-1,4-
benzenedicarboxylic acid (ABDC)] UiO-66 metal-organic frameworks (MOFs). Part b: FTIR spectra of activated a) LT-
ML-MOFs and b) HT-ML-MOFs. Part c: Simulated (red) and experimental (light blue) FTIR spectra of hydroxylated
UiO-66-NH2-50 and LT-UiO-66-NH-57, respectively. The spectra are divided into three regions: c1) the OH stretching
region; c2) the NH; stretching region; and c3) the framework mode region. [Figure adapted from Ref. [30], copyright
Wiley VCH 2014]

3. Spectroscopic monitoring of gas adsorption

Surfaces of MOFs can show very peculiar properties in respect of small molecules (gases of vapor
phases) being characterized by a large varieties of sites that can interact with them in many ways[15].
On one side, vibrational spectroscopies (IR and in few cases Raman) of probe molecules adsorption,
were used to clarify the acidity of Bronsted sites,[28,31,33] or the accessibility of Lewis sites (metal
centers with coordinative unsaturation) in respect to different probe molecules.[34-39] On the other
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side, variable temperature infrared spectroscopy,[40,41] allowed to evaluate thermodynamic
parameters of the adsorption phenomena (AH and AS), giving valuable information on these materials
in respect of their properties as adsorbers, for gas separation, or for gas capture and storage.[42-45]
Extensive work has been published to describe major aspects of infrared spectroscopy of molecular
hydrogen adsorbed on a large variety of MOF topologies and on a well characterized homologue set
of samples having the same topology and different cations inside.[46],[47] In order to find practical
application as selective adsorbents towards gases relevant to the energy field, an even larger set of
data was obtained for Mp(dobdc) materials (dobdc* = 2,5-dioxidobenzene-1,4-
dicarboxylate).[48],[49] In this case the focus was carbon monoxide (Section 3.1) where the
spectroscopic data were combined with structural and volumetric insights,[45] and on carbon dioxide
(Section 3.2).

3.1 Carbon monoxide adsorbed in Mz(dobdc)

Carbon monoxide is one of the most commonly used molecular probe as it is very sensible and quite
specific, as its way to interact with metal cations, involves different contributions, according to the
nature of the metal-cations sites. Spectroscopically, CO molecule undergoes an upwards shift (blue-
shift) of its stretching frequency, with respect to the gas (2143 cm™1), when it interacts with point
charges (such as an alkaline earth metal cation)[50-52] or in presence of an acceptor of electron pairs
(such as a metal cation acting as Lewis acidic center).[53] In the former case, the electric field created
by a positive charge causes a polarization of the CO molecule proportional to the local electric field
of the site,[51] owing to the increase of the force constant of the C—O bond. In the latter case, the
presence of an acceptor of electron pairs the C-end lone pair of CO is transferred to the metal cation
giving rise to a o-coordination (M"" «<— C0).[13,54,55] It is generally accepted that the higher the
blue-shift, the stronger the interaction is.

When transition metal ions are involved, the interaction of CO can lead to a more complex situation
due to both electrostatic and chemical type interaction. Chemical type interaction involves both
ligand-to-metal & donation (from the full 5o orbital of CO to the empty d.? orbital of the metal) with
concomitant metal-to-ligand (from a full dx, orbital of the metal to the empty 2n" of CO) back
donation. In these cases, adducts are also formed at room temperature and the sign of the Av (CO)
shift, will depend on the extent of contribution of both type of interactions.[7,10,13,55,56]

A nice example is shown in Figure 4 where, background subtracted FTIR spectra of CO (20 mbar)
adsorbed on Mz(dobdc) collected during the progressive lowering of CO coverage (where M was Zn,
Mg, Mn, Fe, Co, Ni respectively) are illustrated.[45] For the sake of simplicity, spectra obtained at
high CO coverage (showing rotovibrational contribution of gaseous CO) are removed. In addition,
the spectral evolution (grey curves) at intermediate CO coverages is reported only for Ni and Zn
samples.

The main IR absorption bands in the six materials are observed at: 2173(Zn), 2178 (Mg), 2172 (Mn),
2160 (Fe), 2164 (Co) and 2178 (Ni) cm! and were assigned to the stretching vibration of CO in the
M?2*...CO adducts. In all the samples these main band are blue shifted with respect to the free CO
molecule. In case of Mgz(dobdc), Mg?* ions lack d electrons and are thus unable to back-donate into
the empty CO n* orbitals. Moreover, the empty Mg 3d levels are too high in energy to be engaged
for o donation from the lone pair electrons of CO. The Mg?*—CO interaction is thus primarily
electrostatic in nature, inducing an increase of the C—O stretching frequency [43], giving rise to the
highest-energy infrared stretch of the series (2178 cm™, consistent with those reported for CO
adsorption in Mg?*-exchanged zeolites.[57]). Zn?* ions in Znz(dobdc), having a fully occupied set of
3d orbitals, are not available to accept ¢ donation from CO, resulting in a similarly high infrared
stretch of 2173 cm™. An equivalent behaviour is observed in the case of Mnz(dobdc), in which the
v(CO) of 2172 cm™* is red-shifted with respect to Mgz(dobdc), as a result of diminished polarization
by the larger-radius, softer Mn?" ions and presumably only a very small, nearly negligible m
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backbonding contribution. The metal ions in both Fex(dobdc) and Coz(dobdc) are smaller and more
polarizing than Mn?*; however, the C—O stretching frequencies displayed by these materials (2160
cm™! for Fe?* and 2164 cm™ for Co?") are the lowest reported here, suggesting slightly more
pronounced 7 interactions. Finally, Ni2(dobdc) displays the highest CO stretching frequency among
the transition metal cations (2178 cm™), since Ni?* is the smallest and most polarizing ion [37]. Given
the small, charge-dense nature of Ni?*, its lower energy n-type 3d orbitals are less well-suited for
back-donation into CO than either Fe?* or Co?*.

Upon progressive increase of Pco, some relevant changes are observed. The main peak grows in
intensity, broadens and shifts to lower frequency (in this conditions it is not possible to determine
exact maxima; as most of the bands go out of scale). This behavior suggests that high occupancy of
M?2* sites requires structure rearrangement with the formation of slightly different adducts
characterized by new energetic minima, as confirmed by isosteric heats of CO adsorption calculated
from isotherms measured at 298, 308, and 318 K [45].

In general, CO adsorbed at the M?* sites in Mz(dobdc) shows rather smaller shift in wavenumber
when compared with CO adsorbed at respective cations inside zeolites.[58-62] The high frequency
shift in case of zeolites has been explained by considering the combination of high number of
coordination vacancies and the strong electrophilic nature of the cations. However, these shifts are
large when compared with CO adsorbed on 5-fold coordinated sites in the respective oxides (MgO,
Co0, and NiO +14, -7 and +9 cm~! respectively).[7,41] The lower shift in oxides was explained by
considering purely electrostatic interaction for MgO and contribution of n-back donation for CoO
and NiO in terms of the Madelung effects generated by an almost infinite alternation of cations and
anions present on oxides surfaces.[63-66] Very particular is the CO adsorbed on ZnO[63] which
shows absorption peak at 2190 cm~! which is at higher wavenumber than that of CO adsorbed on
Zny(dobdc). This high shift in CO vibrational frequency on ZnO, can be explained by considering
strong electrophilic nature of 3-fold coordinated Zn?* sites in ZnO.[67] Concurrently, the growth of
some minor bands on both the low (2130-2100 cm™) and high frequency side (2230-2180 cm™?) of
the main bands is observed in all samples. At lower frequency, complex absorptions in the range
2129-2120 and 2115-2110 cm™! have been assigned to the stretching mode of 2*CO in MsZ*—3CO
adducts and to a M?*.. O'2C species respectively. Bands observed at higher frequencies (2230-2180
cm! interval), with respect to the main components already discussed, can be argumentatively
assigned to the combination modes of the v(CO) mode with phononic bands involving M?* sites. This
explains the quite large interval in frequencies, recalling the large spread of values observed in case
of the main band. Finally, at high CO coverage (spectra reported only in case of Zn and Ni samples,
grey curves) the presence of liquefied CO inside the pores is evidenced by the appearance of a band
at 2135 cm1.[68,69]
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Figure 4. Background subtracted FTIR spectra, at liquid nitrogen temperature, of decreasing CO coverages on Mz(dobdc)
pre-activated at 180 °C for 2h in high vacuo (see labels in each panel) The corresponding first coordination sphere for the
M2* ions in Ma(dobdc)-1.5CO, with M—CO distances and M—C—O angles are indicated in each panel (data obtained from
Rietveld analysis of powder neutron diffraction data). [Adapted with permission from Ref. [45], copyright ACS 2014.]

The stability of Ni-CO adduct allowed also to obtain a Raman spectrum of this species.[36] Figure 5
compares Raman spectrum of the outgassed sample with that obtained in presence of 60 mbar of CO
(spectra collected at the temperature of the laser beam). In the v(CO) frequency range (inset of Figure
5) a single band centered around 2175 cm™ is present.[36] It can be easily ascribed to v(CO) of
Ni2*..-CO adducts formed inside the CPO-27-Ni upon high CO dosage. The much simpler Raman
spectrum, in respect of the infrared one, is due to the fact that in Raman only the most stable species
can be detected (temperature effects) and, moreover, is associated to the fact that Raman spectroscopy
works in scattering mode, monitoring a much smaller portion of sample, in respect to the Infrared
performed in transmission mode. Much weaker signals in the skeletal mode region (1700-1000 cm™1)
allow to follow the perturbing effect of CO with respect to specific vibrations of the materials. It is
relevant to observe that some bands are strongly perturbed by CO adsorption, while some other are
left unchanged. In particular the bands at 1625 and 586 cm™, assigned to benzene ring vibrations,
shift to 1616 and 575 cm™, respectively; the bands at 1427 and 833 cm?, due to v(COO)sym and
S(CH), move to 1410 and 824 cm and the v(Ni-O) band at 430 cm is shifted at 419 cm.
Surprisingly, in case of Raman spectrum, no bands show a blue shift upon CO interaction, as it has
been observed in case of the IR spectrum.
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Figure 5. Part a: room temperature Raman spectra of Niz(dobdc) outgassed at 393 K for 1 h before (black curve 1) and
after (red curve 2) CO adsorption (60 mbar). The main part reports the framework vibration perturbed by CO adsorption,
the inset shows the v(CO) stretching region. Part b: Graphic representation of CO coordination sites. [Adapted with
permission from Ref.[36], copyright ACS, 2009.]

Both infrared and Raman spectra show a blue-shift in the v(CO) stretching frequency coordinated to
the cations, consistent with non classical metal-CO interactions involving little or no © back-
donation.[13,54,55] Along the series, spectroscopic differences have been evidenced and found
agreement in structural determinations and energetic evaluations. Structure determinations from
powder neutron diffraction data reveal M—CO distances ranging from 2.09(2) A for M = Ni to 2.49(1)
A for M = Zn and M-C-O angles ranging from 161.2(7)° for M = Mg to 176.9(6)° for M = Fe.
Electronic structure calculations applying density functional theory (DFT) were in good agreement
with the trends apparent in the infrared spectra and crystal structures only in case of fully relaxed
extended framework structure upon CO binding. Adsorption isotherms collected at 298, 308, and 318
K indicate reversible adsorption, with capacities for the Fe, Co, and Ni frameworks approaching one
CO per metal cation site at 1 bar (about 6.0 mmol/g and 157 cm3/cm®). The six frameworks display
(negative) isosteric heats of CO adsorption ranging from 52.7 to 27.2 kJ/mol along the series Ni > Co
> Fe > Mg > Mn > Zn, in good agreement with the results of DFT calculations. The reversible CO
binding at high capacity and moderate energy suggests that these frameworks may be of utility for
the separation of CO from various industrial gas mixtures, including CO/H2 and CO/N>. Selectivities
determined from gas adsorption isotherm data using ideal adsorbed solution theory (IAST) over a
range of gas compositions at 1 bar and 298 K indicate that all six M2(dobdc) frameworks could
potentially find application as solid adsorbents to replace current cryogenic distillation technologies,
with the choice of M dictating adsorbent regeneration energy and the level of purity of the resulting
gases.[45]

3.2 Spectroscopic monitoring of carbon dioxide adsorption

Carbon dioxide is widely used as a probe molecule to monitor both acid and basic sites, as those
found in metal oxides or zeolites.[70-72]. CO2 belongs to the D..n symmetry group and has four
fundamental modes: the symmetric stretching v1, the doubly degenerate bending vibration v», and the
asymmetric stretching vibration vs. For symmetry reasons, the v2 and vz modes are infrared active,
whereas v1 is only Raman active. In the free molecule, these modes appear at 1388.3 (v1), 667.3 (v2),
and 2349.3 (vs) cm~L. Adsorption may cause the lowering of molecular symmetry which results
appearance of Raman active mode in IR spectra. The presence of strong acid - base pair at the surface
may result in chemical reaction of CO> and carbonated and bicarbonate are formed, which are
characterized by IR absorption in the 1700-1400 cm~ frequency range. In case of alkaline and

iris-AperTO

University of Turin’s Institutional Research Information System and Open Access Institutional
Repository



alkaline earth metals exchanged zeolites, e.g. for Mg-ETS-10, the formation of carbonates has been
evinced by a doublet at 1620 and 1380 cm.[72]

Despite to what observed in case of nucleophilic metal centers (because of high electron density given
by a charge or by the presence of electron donating ligands) that bind the weakly electrophilic CO-
molecule through carbon,[73] CO; interacts with cations (Lewis centers), through one of the oxygen
lone pair orbitals with formation of weak end-on adducts.[71] The formation of these species (linear
M**...0=C=0 adduct causes a small perturbation of the v3 mode (asymmetric O=C=0 stretching).
As previously made in case of zeolites, infrared spectroscopy has been used, in combination with
other techniques, to describe the nature of the interaction of carbon dioxide with respect to some
metallorganic framework investigated to develop new adsorbents for CCS, trying to describe the
nature of the adducts both formed with cations and or with Brgnsted sites.[43,74-77]

Figure 6 shows the FTIR spectra obtained for decreasing CO. equilibrium pressure (from grey to
blue) at room temperature on -Mg, -Co and -Ni —(dobdc) (part a b and c respectively). FTIR spectra
obtained for CO. adsorption on all three structural analogues are characterised mainly by the v3
stretching, doubly degenerate bending mode (v2) and vs+vi and vs+2v> in Fermi resonances modes
of CO; adsorbed in end on configuration forming M?*-.-0O=C=0 adducts.

The vs stretching mode of the 13CO., which is present naturally in 2CO, (1%) is also observed on the
low frequency side of the main absorptions. In Mz(dobdc), the strong absorptions associated to the
carboxylate modes of the framework avoid any spectral inspection in the range 1600-1300 cm™?
however, as no appreciable change has been observed where the asymmetric mode of the carbonate
is expected (1620 cm™1), this allows to exclude the formation of these species. The perturbation in
CO- upon adsorption cause the shift of the stretching and bending modes, that lose their degeneracy
and appear as doublets (observed frequencies and assignments are listed in Table 1). As in all cases
only polarisation effect can be taken into account, it is strange to observe vs stretching mode blue
shifted on —Mg, and red shifted on —Co and —Ni homologues. The splitting of bending mode
degeneracy on —-Mg, —Co and —Ni and distorted CO> structure found Niz(dobdc), demonstrate the
strong interaction of CO2 with open metal sites in M2(dobdc) framework. In the high frequency region
(3800-3500 cm™1), two components are observed. The nature of these two absorptions is well known
and is interpreted on the basis of combination of vi and v3 modes of CO2. The reason for the presence
of a doublet shifted of about + 50 cm~* from the expected frequency for the combination mode v1 and
vs, IS due to the fact that the first overtone of v2 mode coincides with the v1 mode, causing a strong
Fermi resonance effect that induces a band splitting in two components 100 cm™ apart.
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Figure 6 Top: FTIR spectra of CO; adsorbed on M(dobdc) (Mg, Co and Ni, from left to right respectively) at decreasing
equilibrium pressure (higher coverage grey curve correspond to 0.02 atm equilibrium pressure). Insets report the bending
right) and vs+vi and vs+2v, Fermi resonance mode of the CO, (left). Reproduced with permission from Ref. [78].
Bottom: Structures obtained through Rietveld refinement of neutron powder diffraction data on Mg»(dobdc). Part a):
Close up view of Mg-MOF-74 loaded with 1.75 CO- (yellow) per Mg showing the nearest neighbour interactions found
between the CO; sites (I and I1) and the framework. These are shown as dashed black lines. Part b) Ball and stick model
of Mgz(dobdc) loaded with 1.75 CO; per Mg. The thermal ellipsoids are drawn at 50% probability. Parts a and b are
reproduced with permission from Ref.[79], copyright ACS 2011. Data reported in the table are taken from [80] apart from
those marked with * (taken from [75]).

Upon increasing the equilibrium pressure the bands associated to combination modes of vi and v3
become very intense and shift indicating the filling of the cages. The shift in these components and
broadening of the v mode of the M?*-..CO, can be associated with the contribution of physisorbed
CO:2 which cause a change in dielectric constant. The spectroscopic data can be explained only with
an end-on coordination of CO2 and a slight bending of the CO2 molecule, as observed by XRD, was
hypothesized. A bending can be explained by considering the steric and electronic environment
around the coordinated carbon dioxide. Especially, the short C5---O1 interaction of 3.00(3) A may
indicate a secondary interaction between the framework O5 atom and the C atom of CO., leading to
a slight bending in a similar manner as previously suggested to take place in zeolites[71] and in
HKUST-1.[74]
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Table 1. Vibrational frequencies of bending v, stretching vs and va+viand vs+2v, Fermi resonance mode of $2CO,
and v; of 3CO; adsorbed on My(dobdc) (M=Mg, Co and Ni)

Vibrations
Material v2(CO2) v3(CO2) v3(3COy) vatvi vat+2vz
(cm™) (cm™) (cm™) (cm™) (cm™)
CO, Gas 667.3 2349 2283
Mgz(dobdc) 649, 658 2353 2287 3599 3709
Coz(dobdc) 654, 659 2341 2275 3590 3696
Niz(dobdc) 651, 659 2342 2276 3588 3696

Structural study of CO, adsorption was performed the first time on Niz(dobdc),[75] showing that
CO2 molecule was clearly coordinating the Ni%* atom in the framework end-on through one of its
oxygen atoms, with a Ni?*—O distance of 2.30(2) A and a Ni-O-C angle of 117(2)°. The resulting CO2
species found slightly distorted from its usual linear structure with an O-C-O angle of 162(3) °. This
last result was revisited more recently in a comprehensive work devoted to compare the full series of
M>(dobdc) interacting with CO. in term of their structural properties and gas adsorption
behaviour.[80] High resolution neutron powder diffraction (NPD) experiments showed that
intramolecular angles of CO, molecules adsorbed at the metal cations exhibit minimal deviations
from 180 °, lending more awareness of the framework properties required to achieve CO; activation,
information that is pertinent to ongoing discussions regarding chemical conversion of CO>. Moreover,
these structural studies, combined with volumetric measurements, revealed that secondary CO;
adsorption sites, while likely stabilized by the population of the primary adsorption sites, significantly
contribute to adsorption behaviour at ambient temperature (see Figure 6). Low-coverage CO;
isosteric heats of adsorption for the M2(dobdc) analogues (calculated at a loading of 0.1 CO, per M?*)
were found in good agreement with theoretical values obtained with density functional theory
calculations including van der Waals dispersion contributions and considering comparable loadings
(quantum zero-point energies (ZPEs) and finite-temperature thermal energies (TES) at the level of a
harmonic approximation, were also considered).[80] All these findings contributed to complete some
previous studies that were considering a single material[43,75] or that were focusing the attention
mostly to their adsorption behaviour.[81-83]

Breathing MOF frameworks,[84,85] such as those referring to the MIL-53 topology, suggested to
follow their behaviour with respect to carbon dioxide adsorption in a wide range of equilibrium
pressure (1-10 bar)[77,86] also along the collection of infrared spectra. Figure 7 summarizes the
results obtained by following “in situ” IR spectra evolution upon CO adsorption from 1 to 10 bar to
the activated sample and then progressive decrease of the equilibrium coverage. An evaluation of
adsorbed CO2 amount was estimated from the integrated intensity of the vo> CO> bands between 645
and 665 cm™ (5b). Adsorption—desorption profiles deduced from the evolution of the intensities of
these peaks versus pressure (Figure 7b, top) are similar to those reported from microcalorimetry
experiments. The splitting of v2 mode of CO> into two maxima testifies a lowering in symmetry of
adsorbed CO2 molecule. In the high CO> pressure range (from 5 to 10 bar), a new v2 band appeared
at 659 cm™ (Fig. 5b). This band is persistent during the desorption process down to 2—3 bar CO,,
which was the pressure that corresponded to the closing of the structure at the end of the hysteresis
loop. Moreover it is evident that the framework responds to the interaction with CO3, as testified by
the pronounced shift of v18a ring mode associated to the terephthalate entities that moves from 1022
to 1017 cm~ at high pressure. Also in this case adsorption—desorption profiles deduced from the
evolution of the intensities of these peaks versus pressure, showed a remarkable hysteresis loop
Figure 7a, top.
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Figure 7. Bottom (2D IR Map): a) Variation in the intensities of MIL-53LP (1017 cm™) and MIL-53HP (1022 cm?)
bands and b) in the 1, CO, bands (653, 662 cm™* MIL-53LP; 659 cm™ MIL-53HP versus CO, pressure. Top: hysteresis
phenomenon observed during an adsorption—desorption cycle. Curves were obtained from the quantitative analysis of the
corresponding IR spectra. [Reproduced with permission from Ref.[77], copyright Wiley VCH 2007.]

As final example about how infrared can monitor under “operando” conditions the interaction of CO2
with a MOF, we want to report some fascinating results where, in a series of post synthesis aliphatic
amine modified MOFs, resulted in a strong interaction of CO2 upon adsorption and desorption[87]
giving rise to the reversible formation of carbamate species. In particular, the attachment of
alkyldiamines to coordinatively unsaturated metal sites accessible inside the pores of some metal-
organic frameworks, has been demonstrated a good strategy to get high activity and selectivity
towards low pressure CO> adsorption.[88-90] Most notably, functionalization of Mgz(dobpdc)
(dobpdc* = 4,4'-dioxidobiphenyl-3,3'-dicarboxylate), an expanded variant of the well-studied metal-
organic framework Mgz(dobdc), with N,N’-dimethylethylenediamine (mmen) generated an adsorbent
with exceptional CO. capacity under flue gas conditions and unusual step-shaped adsorption
isotherms that make it superior to other solid or liquid sorbents for the efficient capture of CO2.[90]

Spectroscopic and structural studies (Powder X-ray diffraction data performed on the isostructural
compound mmen-Mnz(dobpdc)) allowed to fully describe the interaction mechanism of CO3, along
the charge and discharge profile. As described in part b of Figure 8, simultaneous proton transfer and
nucleophilic attack of N on a CO2 molecule forms an ammonium carbamate species that destabilizes
the amine coordinated at the next metal site, initiating the cooperative adsorption of CO> by a chain
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reaction. Thus, the adsorption of CO. at ambient temperatures is associated with a structural transition
to form an extended chain structure held together by ion pairing between the metal-bound carbamate
units and the outstretched ammonium group of a neighbouring mmen molecule. Infrared spectroscopy
measurements performed on mmen-Mgz(dobpdc) fully support the proposed mechanism.

As shown in Figure 8 (black curve), upon activation of mmen-Mgz(dobpdc), two distinct N-H
vibrations at 3330 and 3255 cm?, attributable to N and Nc of mmen, are clearly discernable. Upon
exposure to CO», the simultaneous disappearance of both N—H resonances indicates that while the
mmen to CO> stoichiometry is one-to-one, the amine to CO; stoichiometry follows the expected two-
to-one stoichiometry. Moreover a deep change in the v(C-H) of the amine (3000 - 2750 cm™) testifies
a strong perturbation occurred upon CO> adsorption. Interaction with CO, at 150°C leads to the
appearance of a band at 1690 cm~! ascribable as v(C=0) of random pairs of ammonium carbamate
(see part b of Figure 8 ). This feature does not change in intensity over the whole investigated
temperature range; conversely two new bands at 1330 and 658 cm™ ascribable as v(C-N) and
[B(OCO) + B(NCO)] only appear in correspondence of the phase-change transitions, being
characteristic of the high order structured carbamate species. As observed by infrared spectroscopy,
while CO> can reversibly adsorb under all conditions via the formation of non-ordered ammonium
carbamate pairs, appropriate temperature and pressure conditions allow CO3 to rearrange into a highly
specific orientation, and it is this process that endows these materials with their unique adsorption
properties.
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Figure 8. Part a: Graphical model of CO,-mmen-M,(dobpdc). Green, gray, red, blue, and white spheres represent M, C,
O, N and H atoms, respectively. Part b: Depiction of the mechanism for CO, adsorption at four neighbouring M—mmen
sites within an infinite one-dimensional chain of such sites running along the crystallographic c¢ axis of a mmen-
Ma(dobpdc) compound. Simultaneous proton transfer and nucleophilic attack of N on a CO, molecule forms an
ammonium carbamate species that destabilizes the amine coordinated at the next metal site, initiating the cooperative
adsorption of CO; by a chain reaction. Part ¢ FTIR spectra changes of mmen-Mg(dobpdc) upon interaction with 5%
CO- in N at different temperatures, from 150°C (red curve) to 30°C (blue curve). For sake of comparisons activated
sample is also reported (black curve). Major bands are underlined by grey lines. [Adapted with permission from Ref. [87],
copyright Nature publishing group 2014.]
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4. Spectroscopic monitoring of catalytic reactions

4.1 Fez(dobdc) catalyst in presence of N2O

Enzymatic haem and non-haem high-valent iron—oxo species are known to activate strong C—H
bonds, yet duplicating this reactivity in a synthetic system remains a formidable challenge. Although
instability of the terminal iron—oxo moiety is perhaps the foremost obstacle, steric and electronic
factors also limit the activity of previously reported mononuclear iron(IV)—oxo compounds. These
challenges may be mitigated within metal-organic frameworks that feature site-isolated iron centers
in a constrained, weak-field ligand environment.

Fex(dobdc), also known as Fe-MOF-74 or CPO-27-Fe, possess the hexagonal channels of the
framework lined with a single type of square pyramidal iron(ll) site (see Figure 9a). Its reactivity
towards nitrous oxide, a gaseous two-electron oxidant and O atom transfer agent that is widely
employed in industry, anticipating the generation of a highly reactive iron(IVV)—oxo species capable
of oxidizing strong C—H bonds.

It has been shown that Fez(dobdc) (dobdc* = 2,5-dioxido-1,4-benzenedicarboxylate) is able to
activate the strong C—H bonds of ethane and convert it into ethanol and acetaldehyde using nitrous
oxide as the terminal oxidant.[91] In the absence of a hydrocarbon substrate, the Fe(I\V)—oxo quickly
decays via hydrogen-atom abstraction into an Fe(lll)-hydroxide, which is isolable and well
characterized. This hydroxide species can react with weak C—H bonds, such as those in 1,4-
cyclohexadiene, to form benzene and H2O-bound Fez(dobdc).

To establish the coordination mode of N2O in Fez(dobdc), powder neutron diffraction data, which are
very sensitive to the atomic assignment of O and N, were collected on a sample dosed with various
loadings of N2O. At low loadings, the best fit was an average of approximately 60% n*-O and 40%
n*-N coordination, with Fe-N.O distances of 2.42(3) and 2.39(3) A, respectively. In both cases, a
bent Fe—N20 angle close to 120° was observed (see Figure 9a).

FTIR spectroscopy revealed to be very useful in characterizing both the Fe(11)-N20O adduct and the
subsequentely formed, Fe(lll)-hydroxide active species. Contact with 40 mbar of N2O causes the
appearance of extremely strong bands in the 2280-2160 cm™ spectral range, associated with v(N—N)
of N20, while the rest of the IR spectrum is substantially unaffected (see blue curve in Figure 9b).
Dominant absorptions due to the framework modes below 1600 cm™ does not allow the monitoring
of the v(N-O) band in N0, expected to be around 1286 cm™. The spectrum profile testifies the
formation of a condensed phase inside the Fex(dobdc) channels, as the v(N—N) does not present the
expected profile of a free linear rotator (P and R branches with the lack of the pure vibrational
transition, Q branch). The spectrum at highest coverage (blue curve) is characterized by a very intense
band, ascribable to the v(N-N) in N2O molecule, behaving as an hindered rotator. The maximum is
observed at 2226 cm2, a position very close to that expected for the fundamental transition of pure
N20O molecule (2224 cm™). The very small blue shift with respect to the position of N2O gas allows
us to assert that N2O interacts weakly with the Fe(ll) species, giving rise to a physically adsorbed
(liquid-like) phase. The main peak is accompanied by further components at higher (clear maximum
at 2240 cm™) and lower (broad features at 2220, 2214 and 2206 cm™?) frequencies, suggesting that,
at the measuring temperature (beam temperature), NoO molecule still partially maintains its roto-
vibrational profile. In case of Fe-silicalite the appearance of a doublet at 2282 cm™ and at 2248 cm~
! was assigned to the formation of two slightly different Fe—N.O adducts, while a component at 2226
cm~* was associated to the formation of weaker adducts with Bransted sites.[92] In the present case
similar assignments are discarded, as all the above-mentioned signals disappear at the same rate upon
outgassing at room temperature. The total reversibility of these components further confirms the weak
nature of the interaction of N2O with the Fe(l1) sites in Fe>(dobdc) sample.

Prolonged heating in N2O at 60 °C gives rise to a spectrum characterized by a strong band at 3678
cm! and by a clear component at 670 cm™ (see green curve in Figure 9b). The peak at 3678 cm™ can
be associated to the v(O—H) and the component at 670 cm™ can be ascribed to the v(Fe—OH) (see
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inset b1 in Figure 9). The formation of these hydroxide species is associated to the reactivity of N2O,
as testified by the intensity decrease of the band due to adsorbed N2O (see inset b2 in Figure 9).

CO titration experiments before and after heating Fez(dobdc) in the presence of N.O were performed
(see Figure 9¢) and the intensity of the band centered at 2160 cm~ (vibrational mode of CO interacting
with Fe(ll) in Fex(dobdc)[45]) was considered for evaluating the fraction of remaining Fe(ll)
unsaturated sites, that resulted to be less than 10%.
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Figure 9. Part a: Structure of Fez(dobdc), showing hexagonal channels lined with five-coordinate iron(ll) sites, and
experimental structures for N2O binding in Fez(dobdc), solved from powder neutron diffraction data collected at 10 K.
Orange, grey, dark blue and red spheres represent Fe, C, N and O, respectively; H atoms are omitted for clarity. Part b:
a thin film of Fez(dobdc) was activated at 433 K for 18 h (black curve), in contact with 180 mbar of N-O at room
temperature (blue curve) and heated at 60 °C for 14 hours (green curve). Inset (b1): magnification of 730-610 cm™
spectral range, testifying the formation of Fe,(OH).(dobdc). Inset (b2): background subtracted spectra illustrating the
v(N-N) region. Part ¢: CO dosed on an activated sample of bare Fe;(dobdc) (c1) and CO dosed on a sample that has been
contacted by N,O overnight at 60 °C (c2). [Adapted with permission from Ref.[91], copyright Nature publishing group
2014.]

4.2 Cr-MIL-101 encapsulated Keggin phosphotungstic acid as active nanomaterial for catalysis.
Cr-based MIL-101 (Materials of the Institut Lavoisier no. 101) is a mesoporous MOF reported by
Férey and co-workers.[93] MIL-101(Cr) is constructed from linkage of 1,4-benzenedicarboxylate
(H2BDC) anions and inorganic trimeric Cr building units leading to a three-dimensional cubic
structure of corner-sharing supertetrahedra. MIL-101 has mesosize cages of 2.9 and 3.4 nm,
accessible through microporous windows of 1.2 and 1.45 nm, giving rise to a high Langmuir surface
area of 5900 m? g* (see Figure 10a).

MIL-101(Cr) encapsulated Keggin phosphotungstic acid (HPW) [MIL-101(HPW)] was
demonstrated to be an active heterogeneous catalyst for selective catalysis of the ring opening reaction
of styrene oxide with methanol, achieving 99% yield of 2-methoxy-2-phenylethanol in 20 minutes at
40 °C. Similar MIL-101 samples prepared using one-pot microwave synthesis in the absence of HPW
or in the presence of hydrofluoric acid (HF) were less active.

The impact of fluoride and HPW polyanion incorporation on the acidity of MIL-101 was investigated
by the in situ infrared spectroscopy technique using CO as a probe molecule. Additional hydroxyl
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groups and Lewis acid sites are present in MIL-101(HPW) explaining the observed superior catalytic
performance in styrene oxide methanolysis. The Keggin polyanion has a relatively large particle size
of ca. 1.3 nm diameter and 2.25 nm?® in volume. Five Keggin ions take up a 10.1 nm?® volume, which
is approximately 50% of the total volume of a large cage (20.6 nm?®) as reported by Férey and co-
workers.[93]

The incorporation of Keggin HPW in MIL-101 was confirmed by IR spectroscopy based on the
characteristic bands at 822, 903 v(W—0-W), 983 v(W=0) and 1084 cm* v(P—O) (see Figure 10b, black
spectrum).[93] Of course all MIL-101 spectroscopic fingerprints in the 1200-700 cm ™! range are also
present. The highest frequency range (3850-2500 cm™, see inset al) shows again many similarities
between the MIL-101(H20) and MIL-101(HPW) samples. These IR spectra were recorded on
samples activated at 200 °C to remove all residual solvent and physisorbed water. In this spectral
range a lot of bands are due to combination and overtone modes. Nevertheless, some fingerprints are
clearly distinguishable: the bands at 3070 cm™ and 3592 cm™ due to v(C—H) aromatic linker
stretching vibration and to v(O—H) stretching mode, respectively. The presence of an OH group is to
compensate for the negative default charge per trimer of chromium octahedra.

The catalytic activity of three considered MIL-101 samples in ring opening of styrene oxide is in the
following order: MIL-101(H20) < MIL-101(HF) < MIL-101(HPW). This trend evidenced the need
to further investigate the catalytic sites of the three different MIL-101 catalysts by means of in situ
IR spectroscopy and using CO as a probe molecule known to be a very sensitive probe (see Figure
10c).[36,39,44,45] In all the three samples, already at room temperature, a quite intense and sharp
band is always present at 2194 cm™* (light green spectra) showing the presence of strong Cr3* exposed
Lewis sites. By lowering the temperature with liquid nitrogen, the band increases in intensity and
shifts to 2197 cm™ (dark green spectra).[94] In parallel at lower frequency, bands due to CO
physisorbed (liquid-like) species arise (main feature cantered at 2135 cm™2). Besides these features
in common with the other two samples, MIL-101(HPW) shows a broadening of the band cantered at
2197 cm™L. In particular, when at low temperature CO coverage is decreased, a further component
centered at 2202 cm™* clearly appears. The assignment is not straightforward, but we can hypothesize
the presence of other Lewis sites, different from the Cr3* environment present in MIL-101(H-0) and
MIL-101(HF) samples. Two possible new species can be proposed: (i) some defects in encapsulated
polyanion forming new Lewis sites or (ii) Cr®* sites with different acidity because of the presence of
HPW. The CO probing study revealed that the presence of the fluoride ion has no significant Lewis
acidity enhancement effect in MIL-101(HF). Interestingly, in styrene oxide methanolysis MIL-
101(HF) was more active than MIL-101(H20).
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Figure 10. Part a: MIL-101 crystal structure with the boundary of the large cage highlighted green and that of the small
cage highlighted yellow. The Cr polyhedrons are colored pink. Part b: IR spectra collected after outgassing at 200 °C of
MIL-101(H20) (blue) and (b) MIL-101(HPW) (black). Part c: FTIR spectra of (c1) MIL-101(H20), (c2) MIL-101(HF)
and (c3) MIL-101(HPW) recorded after outgassing at 200 °C for 2 hours (blue, red, black color respectively), after
adsorption of CO at room temperature (light green) and low temperature (dark green); black curves show the effect of
outgassing in vacuum at low temperature. [Adapted with permission from Ref.,[95] copyright ACS 2012, and from
Ref.[94] copyright RSC 2014.]

4.3 Monoglyceride synthesis

A very challenging area of heterogeneous catalysis is the synthesis of monoglycerides. Industrial
monoglyceride production is currently performed at high temperature (220-250 °C) using a basic
homogeneous catalyst with limited monoglyceride selectivity, owing to formation of di- and
triglyceride side products and soap. The high reaction temperature bears the risk of deterioration of
taste, aroma, and colour of the product. Developing a heterogeneous catalytic process at lower
temperature for selective monoglyceride production is a major scientific challenge.

4.3.1 ZIF-8 catalyst

It has been discovered that nanoparticles of ZIF-8 transformed into hierarchical material through
reaction with fatty acid to be a promising truly heterogeneous catalyst for monoglyceride synthesis.
ZIF-8 structure resembles sodalite with 1.16 nm wide cavities connected through 0.34 nm wide
windows formed by four-ring and six-ring ZnNjs clusters (see Figure 11a).[96,97] Nanosized ZI1F-8 was
prepared from a synthesis solution 2.2 times more concentrated than usual.[97,98]

ZIF-8 was evaluated for esterification of oleic acid with glycerol at 150°C using a minimum of tert-
butanol solvent in a mini batch reactor. Using ZIF-8 catalyst, the oleic acid conversion reached 57%,
whereas in absence of catalyst conversion was limited to 10 %. Ultrastable Y zeolite[99,100] was
used as a reference catalyst, as it has been reported to be an excellent solid heterogeneous catalyst for
esterification reactions.[101-103] The reference zeolite catalyst reached 30% conversion. In all cases,
monoglyceride was the only reaction product (100% selectivity). The ZIF-8 catalyst was recovered
easily by filtration and reused in two consecutive runs without appreciable loss of activity.
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Preservation of the crystal structure was concluded from PXRD and ATR FTIR spectra (see Figure
11b).

All the considered samples (fresh sample run 0 and run 1-3) show essentially many similarities in the
1800-600 cm! range. However some small differences in vibrational modes seem to increase along
the runs, from 1 to 3: the new contributions at 1260, 1090, 805 cm~! are not easily assigned. This
means that the main framework modes remain unperturbed along the reaction runs, testifying that the
main building blocks of the structure are still present.

Higher frequency Mid-IR range shows that ZIF-8 catalysts recovered in consecutive run 1, 2 and 3
are comparable to the activated ZIF-8 parent material (run 0) (see Figure 11C). IR signatures of any
anomalous hydroxyl groups that may appear when a MOF is hydrolyzed are absent. The band at 2855
cm! and the shoulder at 1710 cm~! on spent catalysts (Figure 11c, runs 1-3) are assigned to CH; and
CO moieties, respectively, and attributed to entrapped residual species. IR spectra of original and
hierarchical ZIF-8 samples upon CO adsorption at liquid nitrogen temperature are shown in Figure 11
(inset c2-c5). All the spectra are similar and characterized by the typical feature of CO liquefied inside
pores: major spectral component around 2135 cm tailing to lower and higher wavenumbers due to
hindered rotation. The intensity of the CO absorption bands in the hierarchical samples (runs 1-3) is
lower than in the parent sample, despite the generation of mesopores. This behaviour is ascribed to
the lower overall porosity and the presence of entrapped species. The absence of bands around 2180
cmL, ascribable to unsaturated Zn sites and structural defects, confirms the framework integrity of
the ZIF-8. This observation also explains the recyclability of the hierarchical ZIF-8 catalyst.
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Figure 11. Part a: the single crystal X-ray structures of ZIF-8: stick diagram (left), as a tiling (center) and the largest
cage shown with ZnN4 tetrahedra in blue (right); H atoms are omitted for clarity. Part b: FTIR spectra in ATR mode and
in air of ZIF-8 catalysts and the organic linker. Part c: c1) FTIR normalized spectra of ZIF-8 as-synthesized (run 0) and
recovered in consecutive esterification reactions (runs 1-3) recorded after activation at 573 K for 2 h. c2-c5) sequence of
FTIR spectra of CO adsorption at 100 K on ZIF-8 samples from runs 0, 1, 2, and 3, respectively with background spectrum
shown in color. Absorbance is normalized to pellet thickness. Self-supported pellets were prepared by pressing the ZIF-
8 powder at 30 MPa. [Adapted with permission from Ref.,[97] copyright National Academy of Sciences 2006 and from
Ref.,[98] copyright Wiley VCH 2013.]
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In conclusion, nanosized ZIF-8 was shown to be an active and recyclable truly heterogeneous catalyst
for selective monoglyceride synthesis through esterification of oleic acid with glycerol under mild
reaction conditions. Fatty acid is responsible for local transformation of the framework during
catalysis and creation of permanent mesopores next to the original micropores while maintaining long
range framework and avoiding local defects as probed with FTIR.

4.3.2 Sn-EOF catalyst

The same reaction was tested by using Sn-EOF (Element Organic Framework) as catalyst, which
enabled synthesis of monoglycerides with high selectivity and minimum leaching of tin into the
reaction product. Sn-EOF is an amorphous organic framework with pore size of ca. 1 nm and
thermally stable up to 200 °C (see Figure 12a). In tert-Butanol solvent Sn—EOF is catalytically active
with a mixture with molar ratio of oleic acid to glycerol of 0.1:1. The oleic acid conversion reached
up to 40% and 98 % monoglyceride selectivity was achieved.

The acid sites in Sn—EOF were characterized using pyridine adsorption monitored by means of FTIR
spectroscopy (see Figure 12b). Sn—EOF itself has some vibrational modes overlapping with pyridine
(e.g. ring modes).[104] The spectral features ascribed to pyridine appear in the difference spectra
(bottom part of Figure 12b) showing positive bands due to species formed upon pyridine adsorption,
and negative bands due to consumed species. Bands in the 3100-3000 cm™! range were ascribed to
pyridine v(C—H) stretching modes, while the negative band at 3580 cm~! was due to the consumption
of some Sn—OH species, assumed to be present in defects. In the 1625-1400 cm~ range, based on
literature on pyridine adsorption on different materials,[105,106] all the emerging bands were
attributed to pyridine interacting with a Lewis site, hydrogen-bonded (hb) or physorbed (ph). In
particular the assignment can be done in the following way: 1610 8a Lewis, 1597 8a hb, 1580 8a ph
or 8b hb, 1573 8b ph, 1480 19a ph or hb (probable artifact due to subtraction marked with a question
mark), 1450 19b Lewis, 1443 19b hb, 1437 19b ph. It is evident that in some cases there is the
superposition of some components due to the frequency closeness of the different species. In
particular, for instance, for some modes the perturbation induced by Lewis sites is definitely smaller
and these bands are, therefore, superimposed to those of hydrogen-bonded species. The identification
of Lewis moieties is supported by comparison with IR experiments of pyridine dosed on y-Al.Oz (a
solid characterized by strong Lewis acid sites), where four bands, respectively at 1620 (8a), 1578
(8b), 1492 (19a), and 1450 (19b) cm, are observed.[107] Sn-beta zeolite is known as a Sn-based
Lewis acid, catalyzing a variety of green chemical reactions.[108] It was tested under the same
reaction conditions and it revealed to be inactive with an oleic acid conversion of 4 % only after 20
h, even below the conversion in absence of catalyst (20 %).

— SnEOF activated
— pyridine vp
pumping

‘1.0

] 19b:hbs ph

Absorbance (a.u.)

35|00 ‘ 30I00 ” 16r00 I 15I50 I 1|5I00 I 14I50 I 1400
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Figure 12. Part a: Sn-EOF based on Sn atoms as connectors between bifunctional organic linker molecules by direct
element-carbon bond. Part b. Upper part: FTIR spectra of Sn—EOF activated in vacuo at 120°C for 1 night (black curve)
and after pyridine vapor adsorption (blue curve). Bottom part: difference spectra (in respect to the activated sample)
obtained at decreasing coverages (black curves) in respect to the highest one (blue curve). [Adapted with permission from
Ref.,[104] and from Ref.,[109] copyright Springer 2013.]
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5. Conclusions

In this brief review work we have underlined the potentialities of vibrational spectroscopies (infrared
and Raman) in following different relevant aspects of the MOFs synthesis, functionalization (Section
2) and use, either as material for gas sorption (Section 3) or for catalysis (Section 4).

We believe that, together with autoclaves, X-ray diffractometers, volumetric and gravimetric
instruments, an infrared (and possibly a Raman) spectrometer should always be present in laboratories
where having the preparation and characterization of MOFs materials as core business.
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