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Abstract

The interaction of H,S with HKUST-1 and ZIF-8 MOFs has been studied by means of FT-IR,
Raman, DRUV-Vis-NIR and PXRD techniques. At very low equilibrium pressure (below 5mbar) a
stepwise structural distortion is observed in both HKUST-1 and ZIF-8. At higher equilibrium
pressures 20-60 mbar, in particular PXRD technique, showed the structural destruction of HKUST-

1 with formation of a covallite (CuS) phase and some structural distortion of ZIF-8.

KeyWords : Metal-organic frameworks * Hydrogen Sulfide ¢ IR spectroscopy * Raman

spectroscopy ¢ X-ray diffraction

1. Introduction

Hydrogen sulphide (H,S) is a colourless, toxic and flammable gas, that needs to be removed from
gas mixtures used in the energy sector as it acts as poison in respect of most of the precious metal
catalysts. At the present time both physical and chemical absorption media use aqueous solvents
like amine solutions (monoethanolamine (MEA), diethanolamine (DEA) and methyldiethanolamine
(MDEA)), potassium carbonate solution, alkaline activated carbons, zeolites.[1-3] Metal-organic
frameworks (MOFs), known for their high porosity and structural flexibility,[4-5] have shown
reversible adsorption towards H,S gas. Some of the well studied MOFs are MIL-53(Al, Cr, Fe),

MIL-47(V), MIL-100(Cr), and MIL-101(Cr) [6-8] and CPO-27-Ni [9]. MOFs comprising a



tridimensional succession of motifs, with metal ions in 2+/3+/4+ states, have been found to be
stable in the presence of water or humidity and they exhibit a high sulphur selectivity and strong
chemical resistance to the corrosive sulfur gases; and can be regenerated without high energetic
regeneration costs. [10]

HKUST-1, first reported in 1999 is a well studied material [11] where Cu®* ions form dimers, each
copper atom is coordinated by four oxygens of the benzene-1,3,5-tricarboxilate (BTC) linkers and
by one water molecule. Single-crystal data have shown that it forms face centered cubic crystals
that contains a large square-shaped pores (9.9 A). The presence of water molecule in the first
coordination sphere of copper ions can be removed by dehydration creating coordinative vacancy
on Cu®* species. The coordinative unsaturation of metal centers after thermal treatments and
interaction with probe molecules like NO, CO,, CO, N; and H; have reported in refs. [12-14].
Moreover, HKUST-1 has been well studied for other gases like ammonia.[15] The interaction of
small molecules with the coordinatively unsatured metal centers of the HKUST-1 by means of
density functional theory have been studied for CO, CO,, OCS, SO,, NO, NO,, N,O, NH3, PH3 and
other small molecules.[16] Some experimental evidence of H,S interaction with HKUST-1 is
reported by Petit et al., where they have proposed a mechanism of degradation of HKUST-1 upon
H,S adsorption. [17-19] On the other hand, Gutierrez-Sevillano et. al [20] have studied H,S
adsorption on three well known MOFs, namely HKUST-1, MIL-47(V), and IRMOF-1(Zn).
According to their study, the H,S adsorption energy in the case of HKUST-1, is -43.4 (kJ mol™)
which is lower than H,O adsorption energy of -46.7(kJ mol™) and they claim that there must be
something missing in the mechanisms proposed so far to explain the degradation observed in the
MOF upon adsorption of H,S. Theoretical studies on CPO-27-Ni have also shown higher
interaction energy for H,O than H,S. [9]

The second MOF of this study, ZIF-8 (Zeolitic Imidazolate Framework) [21-22] is porous and
crystalline framework in which the tetrahedral metal ions are linked by imidazolate (Im) units. ZIF

structures may be compared with those of zeolites, as the bridging angle formed by this linkage is



analogous to that between silicon oxygen and aluminum oxygen units in zeolites. ZIF-8 as a
promising storage material was investigated at high pressures up to ~39 GPa by in situ FTIR
spectroscopy.[23] Apart from characterization, nanosized ZIF-8 has been studied and proved to be a
reusable esterification catalyst[24] and the latest study on functionalization of ZIF-8 by using
malonitrile has been reported for H,S fluorescent detection and highly selective amino acid
recognition.[25]

In the present contribution we report a multitechnique study (FT-IR, Raman, DRUV-Vis-NIR,
PXRD) on the H,S interaction with HKUST-1 and ZIF-8. Based on our experience, the
multitechnical approach is very useful in the characterization of complex materials such as MOFs,

[26-28]

2. Experimental

MOF samples, HKUST-1(Basolite™ C300) and ZIF-8 (Basolite™ Z1200) were purchased by
Sigma-Aldrich. The samples were activated in vacuo at 423K and 573K respectively.

FT-IR spectra were collected on a Nicolet-6700 spectrometer equipped with a MCT B type
detector, in the range of 4000-400 cm™, in transmission mode with a 2 cm™ resolution. The samples
have been prepared as self-supported thin pellets.

UV-Vis-NIR spectra have been collected in Diffuse Reflectance mode on a Cary5000 Varian
spectrophotometer equipped with a reflectance sphere. All the samples have been measured in
powder form in a suprasil quartz homemade optical bulb cell which allows measurement in
controlled atmosphere.

Raman spectra were recorded on a Renishaw inVVia Raman microscope spectrometer. Unfortunately
the two samples revealed a different fluorescence behavior depending on the laser line and therefore
two different laser lines were used. In particular an Ar* laser emitting at 514 nm and a diode laser
emitting at 785 nm were used for HKUST-1 and ZIF-8 respectively. Photons scattered by the

sample were dispersed by a 1800 (514 nm) and 1200 (785 nm) lines/mm grating monochromator



and were simultaneously collected on a CCD camera; the collection optic was set at 20X objective.
The spectral collection setup consisted of 50 acquisitions, each of 10 sec.

X-ray Powder Diffraction (PXRD) patterns have been collected with a PW3050/60 X’Pert PRO
MPD diffractometer from PANalytical working in Debye—Scherrer geometry, using a high power
ceramic tube PW3373/10 LFF with a Cu anode equipped with Ni filter to attenuate Kg and focused
by X-ray mirror PW3152/63. Scattered photons have been collected by a RTMS (Real Time
Multiple Strip) X’celerator detector. The samples have been measured as powders inside a 0.8 mm

boronsilicate capillary in air.

3.Results and Discussion

3.1. FT-IR spectroscopy

3.1.1 Activation of the samples[26]

Figure 1a shows FT-IR spectra of HKUST-1 in air and activated at 423K for 1h. The spectrum of
the hydrated sample is clearly dominated by large amount of solvent in the 3800-2000 cm™ region.
In the dehydrated form IR absorption bands of the BTC linker are observed in 1800-400 cm™
range.[12] The out of scale absorption bands in the range 1700-1500 cm™ and 1500-1300 cm™
correspond to Vasym(C-O2) and vsym(C-0O,).[12-15] The other very intense absorption band is
centered at 738cm™ and it was previously assigned[12-15]to v(C-H) bending mode. In the
considered range only the band centered at 505 cm™ is assigned to a vibrational mode directly
involving the Cu centre. Following the previous interpretations,[12-15] this feature is assigned to
Cu—O stretching mode.

Figure 1b shows ZIF-8 in air and activated at 573K for 2h. Solvent used in the synthesis (DMF) and
water are easily removed upon thermal activation in vacuo. The broad band centered at 3000 cm™
due to the presence of some hydrogen bond between MOF functional groups with solvent
disappears, while ZIF-8 fingerprint vibrational modes become clearly distinguishable. At higher

frequency the activated ZIF-8 shows two contributions: the first one centered at 3134 cm™ and the



second one in the 3000-2850 cm™ range, ascribable to C-H stretching vibrational modes
respectively of the ring and of the methyl group present in the 2-methylimidazole linker. The peak
at 1586 cm™ can be assigned as the C=N stretch mode specifically, whereas the intense and
convoluted bands at 1500-1350 cm™ are associated with the entire ring stretching.[23] The bands in
the spectral region of 1350-900 cm™ are for the in-plane bending of the ring while those below 800
cm™ are assigned as out-of-plane bending.[23] As expected, clearly, a very intense band at 421 cm™

due to Zn—N stretching mode is clearly observed.[23]

3.1.2 H,S adsoprtion on HKUST-1 and ZIF-8

FT-IR spectra of HKUST-1 contacted, after activation, with increasing dosages of H,S (up to peq=
10 mbar) are reported in Figure 2a. Surprisingly, and differently from the CPO-27-Ni case[9], the
three IR active vibrational modes of molecular H,S at 2626, 2614, and 1182 cm™*, corresponding to
the asymmetric, symmetric stretching, and bending vibrational modes, are totally absent. The
interaction results in a progressive growing up of very broad and indefinite bands, in the 3700-2100,
1750-1100 and 950-650 cm™ range. Moreover the band at 505 cm™ due to the Cu-O vibrational
mode[12-15] is gradually eroded. All these evidences are the first signal of a probable HKUST-1
framework instability upon interaction with H,S.

In the case of ZIF-8 (Figure 2b), H,S dosage is stopped at peg= 5 mbar (dark yellow curve), due to
the extreme fragility of the pellet at higher adsorbate pressures. Very differently to HKUST-1, all
the vibrational modes in the low frequency range (1700-400 cm™) are unperturbed. However, again
H.S vibrational modes are hardly recognized and in the higher frequency range (3500-2550 cm™),
less markedly than in HKUST-1 case, broad bands appear, overlapping ZIF-8 vibrational
fingerprints. This fact can be probably simply due to the presence of hydrogen bonded species and
not to the MOF decomposition (at least this is the evidence at this coverage by means of IR

spectroscopy).



3.2 Raman spectroscopy

Vibrational Raman spectra (in the 1700-150 cm™ range) of both HKUST-1 and ZIF-8 have also
been acquired (Figure 3). Part a) reports the Raman spectra of as such (cyan curve), activated (blue
curve) and interacting with H,S (olive curves) HKUST-1. As previously reported, the as such
sample spectrum is dominated by the organic linker contribution. The bands at 1610 cm™ and 1004
cm™ are associated with v(C=C) modes of the benzene ring; the peaks at 828 cm™ and 742 cm™ are
ascribed to out-of-plane ring (C-H) bending vibrations and to out-of-plane ring bending,
respectively. The bands at 1536 cm™ and 1452 cm™ are due to the Vasym(C-O2) and veym(C-O5) units.
The bands at 496 cm™, 280 cm™ and 190 cm™ correspond to vibrational modes directly involving
Cu(Il) species. Unfortunately, activation leads to deterioration of the signal to noise ratio of the
measured spectrum. However, while the dehydration process of HKUST-1 MOF does not affect the
high-frequency modes of the organic part of the framework, it is evident that the modes in the 600-
150 cm™ range, ascribed to vibrational modes involving Cu(ll) species, are dramatically perturbed
by water removal. In particular the band at 496 cm™ shifts to 508 cm™ and a peak at 224 cm™
appears. These two contributions are assigned respectively to Cu-O and Cu-Cu vibrational
modes.[12-15] Progressive dosages of H,S cause almost the total disappearance of all the HKUST-1
bands and the growing of a new very broad band centered at 415 cm™. It is quite evident, more than
in the case of IR technique, that, upon interaction with H,S, HKUST-1 loses all its fingerprint
vibrational modes and a new Cu-S species, responsible for the appearance of the band at lower
frequency,[29] is formed.

Part b) of Figure 3 reports Raman spectra of ZIF-8. The sample in air (grey curve) shows the typical
Raman fingerprint of ZIF-8. Very strong bands were observed at 173 cm *, 686 cm ™, 1149 cm ?,
and 1463 cm ™" corresponding to Zn—N stretching, imidazole ring puckering, C5—N stretching and
methyl bending, respectively.[30] Unfortunately, in this case, it is not possible to study the
vibrational perturbations upon H,S dosages, as already the activated sample gives very strong

fluorescence covering all the possible Raman signals in the considered range.



3.3 DRUV-Vis-NIR spectroscopy

As previously reported by us[12-15] HKUST-1, upon activation changes drastically its colour from
light cyan to blue navy. After interaction with H,S the sample turns to dark green colour (see Figure
4al).

This trend can be explained only if a change in the coordination sphere of copper is invoked, as the
colour is associated with d—d transitions of Cu(ll) ions (see Figure 4a2).

The spectrum of the sample in air (cyan curve) shows the already known features, that are (i) an
edge around 350 nm due to a ligand to metal charge transfer (LMCT) transition from oxygen to
copper atoms and (ii) a band centred at 708 nm, characteristic of the d—d transition for Cu(II)
species in a distorted octahedral local geometry. Upon activation at 423 K (blue curve), a shoulder
in the d—d band centred at 609 nm, a red shift of the maximum, previously observed at 708 nm, to
719 nm and of the absorption associated with the LMCT transition are observed. The change in the
d—d region is ascribed to the activation of new available d—d transitions due to a loss of degeneracy
in d levels produced by a change in the symmetry around copper. The LMCT edge shift is explained
as a consequence of the change of (i) the hydration conditions of the carboxylated group and (ii) the
coordination sphere of copper ions.

Upon a small dosage of H,S (grey curve), the octahedral geometry is perturbed and the spectrum
goes back to that observed in case of sample in air with a strong decrease in the intensity of the
band at 708nm. When the interaction occurs with 20 mbar of H,S the LMCT shifts to 470nm and
the d-d band blue-shifts to 687, with significant decrease in intensity . These experimental
evidences, again, show that the coordination sphere of copper is strongly perturbed upon H,S
interaction.

Moving now to ZIF-8, the sample, upon H,S interaction, changes only slightly colour, from white
to very pale yellow (see Figure 4b1). Thus, DRUV-Vis spectra of ZIF-8 (Figure 4b2) interactiong
with H,S (dark yellow curve) are less informative than in the previous case. In fact the spectrum is

almost superimposed to that one of the activated sample (black curve). Also the passage from the



sample in air (grey curve) to the activated form reveals small differences. In particular, upon
activation, besides the very intense band with edge at 240nm, due to electronic transitions involving
the linker itself or LMCT from the linker nitrogen atoms to zinc atoms, a new small multi-

component contribution appears centred at 400 nm.

3.4 Powder X-ray Diffraction

As expected from previous results, upon H,S dosage, HKUST-1 x-ray diffraction pattern is
completely destroyed and new well defined reflections (blue full circle symbols) appear (see Figure
5a). Looking at literature data[31] they can be easily assigned to covellite CuS. This is the final
proof that H,S is reacting with copper centres, forming a new compound, that is covellite, and
demolishing HKUST-1 framework.

In case of ZIF-8, the effect of H,S interaction, is very less destructive, even at pressure higher than
for HKUST-1 (see Figure 5b). A small number of new reflections (orange full circle symbols)
appear at low angles (see the inset). Unfortunately their assignment is not straightforward and they

do not correspond to any sulphide phase involving zinc.

4. Conclusions

HKUST-1 and ZIF-8 interacting with H,S have been characterized by means of FTIR, Raman,
DRUV-Vis and PXRD techniques.

HKUST-1 clearly showed a strong perturbation of all the vibrational, electronic and structural
fingerprints due to the formation of a covellite CuS phase and consequent destruction of the
framework. On the contrary, ZIF-8 revealed to be more stable, undergoing only to a slight
framework perturbation. In this case PXRD technique showed the presence of new small

reflections, not ascribable to any sulphide involving zinc atom.
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Figure Captions

Figure 1. a) FT-IR spectra of in air (cyan curve) and activated at 423K for 1h (blue curve) HKUST-
1; b) FT-IR spectra of in air (dark grey) and activated at 573K for 2h (black curve) ZIF-8.

Figure 2. FT-IR spectra reporting increasing adsorption dosages of H,S (from grey to olive/dark
yellow curves) on activated HKUST-1 (part a) blue curve) and ZIF-8 (part b) black curve).

Figure 3. Raman spectra of a): in air (cyan curve), activated (blue curve) and interacting with H,S
(olive curves) HKUST-1 (A =514 nm); b): in air (grey curve) and activated (black curve) ZIF-8
(A=785 nm).

Figure 4. Part al) and b1) images corresponding to HKUST-1 and ZIF-8 in air, activated and
interacting with H,S. DRUV-Vis-NIR spectra of HKUST-1 (part a2)) in air (cyan curve), activated
(blue curve) and interacting with H,S (grey and olive curves) and of ZIF-8 (part b2)) in air (grey
curve), activated (black curve) and interacting with H,S (dark yellow curve).

Figure 5. PXRD patterns of HKUST-1 in air and after interaction with H,S (part a), cyan and olive
curves) and ZIF-8 (part b), grey and dark yellow curves). Reflections labelled with full circles

represent new phases.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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