Document downloaded from:

http://hdl.handle.net/10251/165722

This paper must be cited as:

Nowacka, AE.; Vismara, R.; Mercuri, G.; Moroni, M.; Palomino Roca, M.; Domasevitch, K.;
Di Nicola, C.... (2020). Cobalt(Il) Bipyrazolate Metal-Organic Frameworks as Heterogeneous
Catalysts in Cumene Aerobic Oxidation: A Tag-Dependent Selectivity. Inorganic Chemistry.
59(12):8161-8172. https://doi.org/10.1021/acs.inorgchem.0c00481

The final publication is available at

https://doi.org/10.1021/acs.inorgchem.0c00481

Copyright  American Chemical Society

Additional Information

"This document is the Accepted Manuscript version of a Published Work that appeared in
final form in Inorganic Chemistry, copyright © American Chemical Society after peer review
and technical editing by the publisher. To access the final edited and published work see
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00481"



Cobalt(II) bipyrazolate metal-organic frameworks as
heterogeneous catalysts in cumene aerobic oxidation:

a tag-dependent selectivity

Anna Nowacka,* Rebecca Vismara,” Giorgio Mercuri,“ Marco Moroni,b Miguel Palomino,”

Kostiantyn V. Domasevitch,® Corrado Di Nicola,® Claudio Pettinari, ' Giuliano Giambastiani,“®"

Francesc X. Llabrés i Xamena,®* Simona Galli,>"* Andrea Rossin " *

“Instituto de Tecnologia Quimica, Universitat Politecnica de Valéncia, Consejo Superior de
Investigaciones Cientificas, Avda. de los Naranjos, s/n, 46022 Valencia, Spain.

b Dipartimento di Scienza e Alta Tecnologia, Universita dell’Insubria,
Via Valleggio 11, 22100 Como, Italy.

¢ Istituto di Chimica dei Composti Organometallici ICCOM-CNR),
Via Madonna del Piano 10, 50019 Sesto Fiorentino, Italy.

4Taras Shevchenko National University of Kyiv, Volodymyrska Str. 64/13, 01601 Kyiv, Ukraine.

¢ Scuola di Scienze e Tecnologie, Universita di Camerino,
Via S. Agostino 1, 62032 Camerino, Italy

fScuola del Farmaco e dei Prodotti della Salute, Universita di Camerino,
Via S. Agostino 1, 62032 Camerino, Italy.

¢ Institute of Chemistry and Processes for Energy, Environment and Health (ICPEES), UMR 7515
CNRS-University of Strasbourg (UdS), 25, rue Becquerel, 67087 Strasbourg Cedex 02, France.

" Consorzio Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali,
Via Giusti 9, 50121 Firenze, Italy.

i Kazan Federal University, Alexander Butlerov Institute of Chemistry, 420008 Kazan, Russian
Federation.

Authors to whom correspondence should be addressed: fllabres @itg.upv.es;
simona.galli @uninsubria.it; a.rossin @iccom.cnr.it.




KEYWORDS. — Advanced porous materials - Metal-Organic Frameworks (MOFs) — cobalt(Il) —

nitrogen-based ligands — dioxygen adsorption — heterogeneous oxidation catalysis

ABSTRACT. Three metal-organic frameworks with general formula Co(BPZX) (BPZX* = 3-X-4.4'-
bipyrazolate, X = H, NH», NO,) constructed with ligands having different functional groups on the
same skeleton have been employed as heterogeneous catalysts for aerobic liquid-phase oxidation of
cumene with Oy as oxidant. O, adsorption isotherms collected at po2 = 1 atm and T = 195 and 273 K
have cast light on their relative affinity for dioxygen. The highest gas uptake at 195 K is found for
Co(BPZ) [3.2 mmol/g (10.1 wt. % O»)], in line with its highest BET specific surface area (926 m?/g)
if compared with those of Co(BPZNH2) (317 m%*/g) and Co(BPZNO:) (645 m?/g). The O, isosteric
heat of adsorption (Qs) trend follows the order Co(BPZ) > Co(BPZNH2) > Co(BPZNO:>).
Interestingly, the selectivity in the cumene oxidation products was found to be dependent on the tag
present in the catalyst linker: while cumene hydroperoxide (CHP) is the main product obtained with
Co(BPZ) (84% selectivity to CHP after 7 h, po> =4 bar and T = 363 K), further oxidation to 2-phenyl-
2-propanol (PP) is observed in the presence of Co(BPZNH2) as the catalyst (69% selectivity to

PP under the same experimental conditions).



1. INTRODUCTION

Oxidation of Cumene (CM) to cumene hydroperoxide (CHP) is an interesting process from the
industrial viewpoint, as CHP is an intermediate for the synthesis of phenol, an important raw material
for phenol resins, perfumes, medicines, agricultural chemicals and many other industrial products
with added-value.! CM oxidation (Scheme 1) is typically carried out in the liquid phase, using O (or
air) as oxidant in the absence of any catalyst (the so-called thermal auto-oxidation process) and with
small amounts of CHP or other substances added as initiators. CM conversion is usually kept low to
maximize the selectivity towards CHP (typically above 90-92%) and minimize side products
resulting from CHP decomposition, mainly 2-phenyl-2-propanol (cumyl alcohol, PP) and
acetophenone (AP) (Scheme 1, paths a and b).2 Despite these precautions, the productivity of the

auto-oxidation process is generally below the desired values.
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Scheme 1. Schematic representation of CM oxidation to CHP and its further oxidation to yield 2-

phenyl-2-propanol (PP, a) and acetophenone (AP, b).

To solve this problem, there is a large interest in developing robust and re-usable homogeneous
and heterogeneous catalysts for CM oxidation to increase CHP productivity without compromising

the high selectivity typically attained in the auto-oxidation process.’ Most of these catalysts are based



on transition metals, which are active in several catalytic oxidation reactions. For example, Zhang et
al.* used CuO nanoparticles as catalyst and O, as oxidant at 358 K, attaining a very good selectivity
to CHP (93.2%) at a relatively high conversion level (44.2%). This catalyst could be reused up to six
times without activity loss. Hsu et al.® studied various polymer-supported transition metal catalysts
for CM oxidation at 353 K in O; atmosphere. The best results achieved featured a 99% selectivity at
a 6.8% conversion, with a reaction rate that was 84% faster than blank experiment (auto-initiated with
CHP) under analogous conditions. Nonetheless, the most widely exploited transition metal in CM
oxidation catalysis is cobalt. Several literature examples featuring both homogeneous and
heterogeneous cobalt-based systems can be found. As a representative example, the
[Co(N3Py2)(H20)](ClO4)2 and [Co(N3Py2)(CH3CN)](BPhs), complexes (N3Py, = k>-N-pentadentate
pyridine-based ligand) reported in 2017° belong to the former class. The latter family is definitely
bigger, spanning from Co-salen-polymers,’ a Co(OAc)2/SiO2 xerogel composite® and simple CoX»
salts (X = CI, OAc, acac’)’ to the mixed-valence spinel Co3O4 '° and modified cobalt oxides.'!

Besides the production of CHP commented above, CM oxidation is important for other
applications as well. Indeed, many catalysts that are highly active for CM oxidation are also very
active in converting CHP into its two main byproducts: PP and AP. Like phenol, also PP and AP are
valuable intermediates in the production of resins, perfumes or pharmaceuticals.!? It is therefore
interesting to learn how the properties of a catalyst can be tuned to promote either the selective
formation of CHP, or its further decomposition to the target products PP and AP, while avoiding
accumulation of CHP in the reaction mixture to reduce safety concerns.

Among the plethora of heterogeneous catalysts available, in recent years Metal-Organic
Frameworks (MOFs) have gained the stage as versatile and multi-functional catalysts in several
chemical processes.'”> MOFs are crystalline and porous materials, and their chemico-physical
properties can be easily tuned through a judicious combination of tailored organic linkers and metallic
nodes. Thus, MOFs are superior heterogeneous catalysts if compared to the “classical” fully inorganic

zeolites/oxides or to fully organic carbon-based nanomaterials. In the specific context of alkanes and



alkenes oxidation catalysis, several transition metal-based MOFs have been scrutinized by different
research groups Worldwide.!* Similarly to what observed with other heterogeneous catalysts, the
most exploited transition metal for MOFs construction in this applicative context is cobalt.!

In previous investigations, we have shown that MOFs containing transition metals of the 3d
series like Cu(2-pymo)2,'® Cu(im),,'® Cr,Fe-MIL-101'7 and the mixed-metal NiCo-BTC series!'® can
be employed as catalysts for the aerobic oxidation of alkanes, including cumene. In light of this, and
starting from our expertise in the preparation of transition-metal-containing bipyrazolate MOFs with
ligands decorated with different chemical tags,19 we have isolated the new cobalt(I) MOF
Co(BPZNH?2) containing the 3-amino-4,4'-bipyrazole spacer (H2BPZNH>, Scheme 2) and we have
tested it as heterogeneous catalyst in cumene oxidation under mild conditions using oxygen as green
oxidant (T = 363 K, po2 = 4 atm), together with the already known analogues Co(BPZ) (H,BPZ =
4.4'-bipyrazole, Scheme 2) and Co(BPZNQO2) (H.BPZNO> = 3-nitro-4,4'-bipyrazole, Scheme 2),
sharing the same structural motif. Different selectivity has been observed, as a function of the nature
of the chemical tag present in the catalyst ligand. The selectivity trend found is strongly connected

with the ability of the scrutinized MOFs to promote further CHP oxidation.
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Scheme 2. Molecular structure of the three spacers employed in this work: 3-amino-4,4'-
bipyrazole (H_BPZNHo>, left), 3-nitro-4,4'-bipyrazole (H_ BPZNOo, centre) and 4,4'-bipyrazole

(H,BPZ, right).

2. EXPERIMENTALS
2.1. Materials and Methods
All the reagents and solvents used were acquired from commercial vendors and employed

as received, without purification. 4,4'-Bipyrazole,?’ 3-nitro-4,4'-bipyrazole,?! 3-amino-4,4'-



bipyrazole,'”® Co(BPZ)!”* and Co(BPZNO2)!*° were prepared following previously
published procedures. Elemental analyses (C, H, N %) were carried out on a Fisons
Instruments 1108 CHNS-O elemental analyser. IR spectra were recorded as neat from 4000
to 600 cm™ using a PerkinElmer Spectrum One System instrument. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were simultaneously carried out
using a NETZSCH STA 409 PC analyser on the Co(BPZNH:2):-DMF and the activated
Co(BPZNH:?) compounds. As for the former, ~10 mg of as-synthesised Co(BPZNH2)-DMF were
heated in an oven at 323 K for 4 hours; then, they were placed in an alumina crucible devoted
to the thermal analysis. As for the latter, ~10 mg of as-synthesised Co(BPZNH2)-DMF were
activated at 413 K under vacuum (107 bar) for 24 h; then, they were placed in an alumina crucible.
Under a N> flow (40 mL min™), the temperature was increased from 303 to 1173 K or 1073
K with a rate of 10 K min~'. The raw data obtained were corrected on the basis of a background
curve. The nature and purity of all the samples used in this work were evaluated by elemental
analysis, IR spectroscopy and powder X-ray diffraction (PXRD). PXRD qualitative analyses
were performed by means of a Bruker AXS D8 Advance vertical-scan 0:0 diffractometer
equipped with an X-ray tube (CuKao, A = 1.5418 A), a Bruker Lynxeye linear position-
sensitive detector, a filter of nickel in the diffracted beam, and the following optical
components: primary beam Soller slits (2.5°), fixed divergence slit (0.5°), antiscatter slit (8
mm). The generator was operating at 40 kV and 40 mA. PXRD data were measured at room
temperature conditions in the 20 range 5.0—-105.0°, with steps of 0.02° and a time per step of
10 s, and treated with whole powder pattern refinements, with the algorithms of the TOPAS-
Academic V6 software package.’? XPS spectra were recorded using a SPECS spectrometer
equipped with a Mg Ka (1253.6 eV) X-ray source and a 150MCD-9 Phoibos detector. The spectra
were corrected using the sp? graphitic component of the C 1s spectrum as internal reference (binding
energy, BE, 284.6 eV). Morphology of the samples was analyzed with a Field Emission Scanning

Electron Microscope (FESEM) model JEOL JSM-7001F.



2.2. Synthesis of Co(BPZNH:2)-DMF

Co(NO3)2-6H20 (0.291 g, 1.00 mmol) was added to a N,N-dimethylformamide (DMF)
solution (15 mL) of 3-amino-4,4'-bipyrazole (0.149 g, 1.00 mmol). The mixture was stirred at
393 K for 24 h. After slow cooling to room temperature, a dark violet precipitate was formed.
The precipitate was filtered off, washed with hot DMF (2x10 mL) and dried under vacuum.
Yield: 73%. Co(BPZNH:)-DMF is insoluble in dimethyl sulfoxide, alcohols, acetone,
acetonitrile, chlorinated solvents and water. Elem. Anal. Calc. for Co(BPZNH>)-0.75(DMF):
C, 37.98; H, 3.96; N, 30.87%. Found: C, 37.94; H, 3.94; N, 30.79%. IR (neat, cm™; Figure
S1): 3387 (w,br) [V(N-H)], 3095 (w) [V(C—Haromatic)], 2928 (W) [V(C—Hatiphaic)], 1655 (vs)
[V(C=0)], 1500 (s) [V(C=C+C=N)], 1435 (w), 1384 (s), 1275 (m), 1250 (m), 1204 (w), 1163

(w), 1123 (s), 1093 (m), 1056 (s), 1014 (w), 946 (s), 839 (m).

2.3. Powder X-ray Diffraction Structural Characterization

Samples of Co(BPZNH2)-DMF or Co(BPZNH:?) were placed in the cavity of a silicon free-
background sample-holder 0.2 mm deep (Assing Srl, Monterotondo, Italy). PXRD data
acquisitions were carried out with the instrumentation described above in the 26 range 5.0-
105.0°, with steps of 0.02° and an overall scan time of about 12 hours. Though retraceable to
those of other M(bipyrazolate) MOFs (M = Co, Zn)"® 1% ¢ with orthorhombic Cccm
crystallographic symmetry, the PXRD patterns of all the as-synthesized samples of
Co(BPZNH:)-DMF we handled showed doubling or right-side anisotropic broadening of specific
Miller indexes classes (e.g. [hhl], [0kl] and [h0l]), with respect to the PXRD pattern calculated based
on the supposed orthorhombic C crystallographic symmetry. This is also witnessed by a whole
powder pattern refinement performed with the Le Bail method, with the algorithms of the TOPAS-
Academic V6 software package (Figure S2). Lowering the crystallographic symmetry (e.g. down to

C2/c or P2i/c, proper subgroups of Cccm) did not lead to any improvement. Similarly, ab initio



indexing (i.e. peak search followed by profile fitting to estimate the maximum positions of low-
to-medium-angle peaks, which were then handled through the Singular Value Decomposition
algorithm? within TOPAS-Academic V6) did not lead to trustable unit cells describing all the
observed reflections. On the contrary, the powder pattern could be successfully modeled via a whole
powder pattern refinement by using two Cccm unit cells with slightly different parameters (Figure
S3, Table S1). The difference in the asymmetric unit volume (~4 10\3, estimated as V/Z’; Table S1)
cannot be explained in terms of two phases with a different solvation degree. Indeed, ex situ activation
(T=413 K, 102 Torr, 24 h) or in situ heating of an as-synthesized sample at a temperature above that
needed for complete solvent removal (see the section devoted to the thermal behavior) did not provide
a unique phase. Upon activation, the two powder patterns coalesce into one that can be described only
apparently by the unit cell parameters of one orthorhombic C phase (Figure S4). Despite the adoption
of various models with different complexity to describe the peak profile [e.g. convolution, to a
Lorentian description, of hkl-class specific tan(0)- or 1/cos(0)-dependent spherical harmonics], some
Bragg reflections are still right-side anisotropically broadened. The issue could be fixed by assuming
that the sample is biphasic even after activation (Figure S5). On the basis of recent seminal works on
conditioned disorder in MOFs,?* we propose that this experimental evidence can be explained by the
existence of two phases in which the ligands locally adopt different conditioned order of the NH>
substituents. In the hypothesis that the bipyrazolate ligand is not planar (an occurrence already
observed in the literature even with unsubstituted bipyrazolates'®® 2% 23) we can think of three mutual

dispositions of the NH» groups (Figure 1) along the a- and b-axis.



(a) (b)

(© (d)

Figure 1. Conditioned order in Co(BPZNH2): (a)-(c) possible mutual dispositions of the
amino groups along the pore walls, assuming that the 3-amino-4,4'-bipyrazolate ligand is not
planar. (d) Portion of the packing as reference. Axis color code: a, red; b, green; c, blue. Atom
color code: carbon, grey; nitrogen, blue; zinc, violet. The hydrogen atoms have been omitted

for clarity.

Thus, phases featured by slightly different unit cell parameters can be obtained, depending on the
conditioned order adopted by the -NH> dangling groups. Heating promotes a disruption of this order
until the two phases coalesce almost completely. As a proof of evidence, a structure refinement was

carried out through the Rietveld method using two orthorhombic Cccm phases, starting from the



crystal structure of Zn(BPZNO,).'” A rigid body was built up to model the
crystallographically independent portion of the ligand, assigning mean values to bond
distances and angles,?® and without constraining the two pyrazolate rings to be coplanar. The
amino group was maintained co-planar to the skeleton of the ligand. Even though for the final
structure refinement Co(BPZNH2) was preventively activated (413 K, 1073 bar, 24 h) to
eliminate the guest solvent, the MOF adsorbs water vapour from the atmosphere simply during
its transfer from the vacuum apparatus to the alumina crucible for the thermogravimetric
analysis. This is witnessed by a thermal analysis performed on the activated sample (Figure
S6). To locate the adsorbed water molecules, structure solution was carried out with TOPAS-
Academic V6 by a combined Monte Carlo/Simulated Annealing?’ approach using a number
of oxygen atoms whose site occupation factors and fractional coordinates were let vary.
During the final stages of the Rietveld refinement, ligand bond distances (except the C/N-H
distances) were refined in a restrained range of values, based on a search in the Cambridge
Structural Database (v. 2019) for room-temperature crystal structures containing the
M(pyrazolate) (M = 3d transition metal) fragment. The background was modelled through a
Chebyshev-type polynomial function. A common, refined isotropic thermal factor (Biso) was
attributed to all atoms, except to the metal centre, whose isotropic thermal factor was
calculated as Biso(M) = Biso—2.0 (A?). The peak profile was modelled through the Fundamental
Parameters Approach.?® The anisotropic peak profile of the two phases was modelled by
convoluting the same tan(8) contribution of the Stephens correction.?® The final Rietveld
refinement plot is provided as Figure S7 of the Electronic Supplementary Information. The
CIF file is supplied as Electronic Supplementary Information (the CIF file of Phase 1 is
provided as a representative example). The final m/m ratio (%) of the two phases found at the
end of the refinement process is 66:34.

Crystal data for Co(BPZNH2)-2.5H20, Phase 1: CeH;0CoNsOz5, FW = 251.1 g mol™,
orthorhombic, Ccem, a = 12.350(7) A, b = 12.815(8) A, ¢ = 7.2225(14) A, V = 1143.1(10)
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A3 Z=16,7 =4, p=1.460 g cm™, F(000) =512, R, = 0.014, Rwp = 0.018, Rprge = 0.006,
for 4826 data and 44 parameters in the 26 range 8.5-105.0°. CCDC Number: 1962311.

Crystal data for Co(BPZNH2)-0.8H20, Phase 2: C¢He6CoNsOps, FW = 220.5 g mol™,
orthorhombic, Ceem, a = 12.530(12) A, b = 12.758(13) A, ¢ = 7.2400(11) A, V = 1157.4(16)
A3 Z=16,7 =4, p=1265gcm>, F(000) = 444, R, = 0.014, Rwp = 0.018, Rprge = 0.007,

for 4826 data and 44 parameters in the 26 range 8.5-105.0°.

2.4. Variable-Temperature Powder X-ray Diffraction

In order to complete the thermal analysis, the thermal behaviour of Co(BPZNH2)-DMF
was studied in situ by means of variable-temperature PXRD. A sample of ~20 mg of as-
synthesized Co(BPZNH2)-DMF was heated in air from 303 K up to 623 K employing a
custom-made sample heater (Officina Elettrotecnica di Tenno, Ponte Arche, Italy), with steps
of 20 K; a PXRD pattern was measured at all steps in the 20 range 9.0-24.5°, with a step of

0.02° and a time per step of 1.5 s.

2.5. Gas Adsorption

~40 mg samples of the three MOFs were activated at 403 K under high vacuum (10 Torr)
for 24 h prior to every measurement. The textural properties of Co(BPZNH2) were estimated
by volumetric adsorption carried out with an ASAP 2020 Micromeritics instrument, using N>
as adsorbate at 77 K. For the Brunauer—-Emmett—Teller (BET) specific surface area
calculation, the 0.01-0.1 p/p°® pressure range of the isotherm was used for data fitting to satisfy
all the Rouquerol’s consistency criteria.’® The pore size distribution was determined by means
of the BJH method (Halsey thickness equation) for the mesopores, and with the density
functional theory method (DFT - slit-like pore shape typical of carbon-based materials) for
the micropores. The micropore volume was estimated by applying the Dubinin-Astakhov
model to the N> adsorption isotherm in the pressure range 0 < p/p® < 0.02.3! The O isosteric

11



heat of adsorption (Qs) of the Co(BPZX) MOFs was calculated from the O; isotherms

measured at 273 and 195 K by applying a variant of the Clausius-Clapeyron equation:>?

pP1) _ T,-T, .
In (pz) = Qg X RXTxT, (Equation 1)

where pa (n = 1 or 2) is the pressure value for the n isotherm; Ty (n = 1 or 2) is the temperature value

for the n™ isotherm; R is the gas constant (8.314 J K™! mol ™).

2.6. Oxidation of cumene

CAUTION!! The reaction conditions of cumene oxidation have been carefully selected to avoid
flammable mixtures. Any deviation from these conditions must be carefully evaluated. In a typical
experiment, 1 mL of cumene (7.14 mmol, 99%, Sigma-Aldrich) and the solid catalyst [Co(BPZ),
Co(BPZNO2) or Co(BPZNH2), with a cumene-to-metal molar ratio = 150] were placed inside a glass
tube microreactor (volume = 6 mL) with a magnetic stirrer, a manometer, a gas inlet and a valve for
liquid sampling. The reactor was connected through a cannula to an O> supply system fixed at po2 =
4 bar. The reservoir continuously restock the O» consumed during the oxidation reaction, to keep the
concentration of O> constant during the reaction. The reactor was placed on an iron hot plate pre-
heated at 363 K. To monitor the time evolution of the products we used GC analysis (Agilent
Technologies 7890A, capillary column 10 m x 320 um x 0.1 pum) on aliquots taken at fixed time
intervals. To minimize the possible decomposition of the hydroperoxide at the injector, the samples
were injected directly on-column. The metal content of the reaction filtrate was determined by ICP-

OES on a Varian 715-ES instrument.

2.7. Cumene Hydroperoxide Decomposition

For CHP decomposition experiments, the same glass tube microreactors were used, containing 1

mL of cumene (7.14 mmol), 14 mg of catalyst [Co(BPZ), Co(BPZNO2) or Co(BPZNH2)] and

12



diphenylether as internal standard (50 pL). After flushing the reactor with N2, CHP was added (110
uL) and the reaction vessel was placed in an iron heating block at 363 K. The conversion of CHP was

determined by GC.

2.8. Heat of Immersion Experiments

A precise weighted mass of catalyst was placed in a glass bulb with a brittle end, and outgassed
under high vacuum (107> mbar) for 24 h at 333 K. The bulb was then sealed and transferred to a
Setaram Calvet-type C80 calorimeter equipped with a mixing cell containing 4.00 g of the wetting
liquid (either CM or CHP) and tightly sealed by an O-ring. The system was placed into the calorimeter
block and left for temperature equilibration (303 K). When thermal equilibrium was reached, the cell
rod was gently pressed to break the brittle end of the bulb with the bottom of the calorimeter cell. The
wetting liquid entered into the sample, and the evolution of the released heat was monitored as a
function of time. Total experimental heat of immersion was then calculated by integrating this signal,
after correcting by measuring empty (reference) cells under the same conditions to account for bulb
breaking (exothermic event), and heat of vaporization of the wetting liquid filling the empty volume

of the bulb with the vapor at the corresponding vapor pressure (endothermic event).

3. RESULTS AND DISCUSSION

3.1. Synthesis of Co(BPZNH:)-DMF and Crystal Structure Analysis

The synthesis of Co(BPZNH2)-DMF does not require the application of solvothermal conditions.
In this case, the conventional synthetic path is equally viable using N,N-dimethylformamide as
solvent. Moreover, ligand deprotonation does not require the presence of a base. The MOF
precipitates out of the reaction mixture as a dark violet air-stable powder insoluble in the most
common organic solvents. Co(BPZNH2) shows the same structural motif of Co(BPZ)"° and

Co(BPZNO:2).!'® A short description of the key structural aspects is provided hereafter for the sake
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of completeness. Co(BPZNH2) crystallizes in the orthorhombic space group Cccm. As explained in
the Experimental Section, in all the examined batches of Co(BPZNH2) two phases are present with
slightly different unit cell parameters and ligand conformation. Indeed, the intrinsic asymmetry of the
ligand may create a locally different conditioned order of the amino substituents (Figure 1). In
Co(BPZNH:?) Phase 1 a torsion angle of ~20° is present between the two pyrazolate rings, while
Co(BPZNH?:) Phase 2 contains a planar ligand (Figure 2a). In the crystal structure of Co(BPZNH2),
tetrahedral CoN4 nodes and exo-tetradentate spacers build up a 3-D (4,4)-connected open framework
(Figure 2b), featuring 1-D channels of thombic shape parallel to the crystallographic direction [001].
The channels aperture (distance between the Van der Waals sphere of the closest carbon atoms
belonging to parallel facing ligands = 5.0 and 5.5 A for Phases 1 and 2, respectively) and
consequently the accessible volume, are strictly dependent on the orientation of the ligand and the
torsion angle between its pyrazolate rings. At room temperature and pressure conditions, the empty
volume?® of the two phases lays in the range 44-46%, which means a pore volume of ~0.37-0.39 cm?

g!. The sra network type is unveiled by the topological analysis carried out with TOPOS 4.0.%*
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Phase 2

Figure 2. Representation of the crystal structure of Co(BPZNH?2): (a) the torsion angles between the
two ligand pyrazolate rings in Phase 1 and Phase 2 and their coordination mode through the 1-D
chains along the [001] crystallographic direction. (b) Portion of the packing of Co(BPZNH:2) Phase
1 viewed in perspective along the [001] crystallographic direction. Carbon, grey; hydrogen, light
grey; cobalt, violet; nitrogen, blue. For the sake of clarity, the solvent molecules have been omitted
and an ordered model has been assumed for the position of the NH> groups on the skeleton of the
ligand, by lowering the symmetry down to C2. Main bond distances and angles: Phase 1: Co-N,
2.062(2), 2.081(2) A; Co---Co, 3.611(2), 8.899(6) A; N-Co-N, 109.6(6)-110.8(6)°; Phase 2: Co-N,

2.051(5) A; Co---Co, 3.620(4), 8.941(6) A; N-Co-N, 108(2)-112.7(14)°.

3.2. Thermal Behaviour

Before performing the simultaneous thermal analysis (STA), a batch of as-synthesized
Co(BPZNH2)-DMF was maintained in an oven at 323 K for 4 hours, to eliminate traces of
humidity on the outer surface of the material. As shown by the TGA trace (Figure S8a), the MOF

is stable under N> up to ~673 K (onset of the decomposition temperature), showing a better thermal
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stability than Co(BPZ) (Taec = 593 K)'*° and Co(BPZNO2) (Taec = 623 K).!*¢ Before decomposition,
two weight losses take place (~2.9% in the temperature range 303-351 K; ~19.0% in the temperature
range 370-583 K). The first one can be confidently attributed to the water vapour adsorbed by the
sample during its transfer from the oven to the thermal analyser. The second one can be reasonably
explained as the loss of 0.7 mol of DMF per mol of MOF (calculated weight loss 19.6%). In situ
variable-temperature PXRD performed in air on a sample of Co(BPZNH2)-DMF shows that the
MOF is permanently porous (Figure S8). The two Cccm phases are clearly visible (in terms of peak
doubling) up to 423 K (blue traces in Figure S8b); starting from 443 K, their PXRD patterns coalesce
and right-side anisotropic broadening of specific classes of Miller indexes is evident (see the

Experimental Section). At 623 K, crystallinity loss is complete.

3.3. N2 Adsorption

The textural properties of Co(BPZNH2) were investigated through N> adsorption at 77 K
after thermal activation (403 K, 10°® Torr, 24 h). As shown in Figure 3, Co(BPZNHD>) is
featured by a type IV isotherm with a narrow hysteresis loop typical of a mainly microporous
material with slit-like pore shape; the calculated BET specific surface area is 317 m*/g (Table
1). This value is similar to that of Zn(BPZNH>) (395 m?/g),'°® but lower than the Co(BPZ)
(926 m?/g)'*¢ and Co(BPZNO2) (645 m?/g)'°° analogues. The total pore volume at p/p® = 0.98
is 0.21 cm?¥/g. The limiting micropore volume (0.14 cm?/g) estimated through the Dubinin-Astakhov
model to the N> adsorption isotherm is much lower than the pore volume calculated from the crystal
structure (~0.38 cm?/g, vide supra). This suggests that the real sample porosity is different from the
crystallographic one obtained through purely geometrical considerations. Indeed, this structural
motif!?® 19 1% hag already shown a certain extent of framework flexibility that may vary the pore
size. The Dubinin-Astakhov analysis also revealed that the micropore volume represents the
main contribution to the total pore volume (67%). In Co(BPZNH?) there are two different

micropore sizes (retrieved from the DFT analysis — slit pore shape of carbon-based materials)
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of 1.4 and 1.6 nm. The narrow and extended hysteresis loop for p/p° > 0.42 can be ascribed to
interparticle voids between crystallites in the sample, as confirmed by the SEM analysis of a
bulk sample of the MOF (vide infra, Section 3.5). The BJH analysis applied to the desorption
branch of the N> isotherm did not find any mesopores in the 5-50 nm pore width interval; the

only peak observed at w = 3.9 nm is an artefact due to cavitation of the liquid nitrogen

meniscus at p/p® = 0.42.%
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Figure 3. N> adsorption isotherm measured at 77 K on Co(BPZNH2). The desorption branch is drawn

with empty symbols.

3.4. Oz Adsorption

Given the use in catalysis of O; as green oxidant, the Co(BPZX) MOFs were tested as O>
adsorbents at T = 195 and 273 K and po2 up to 1 bar (Figure 4 and Figure S9, respectively).
Table 1 collects the main O2 adsorption data. Co(BPZNQ) is the best O> adsorbent at high
temperatures, while Co(BPZ) is the best O, adsorbent at low temperatures. In terms of weight

percentage, the amount of O adsorbed at 195 K is proportional to the respective BET areas.
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Figure 4. O adsorption isotherms measured at 195 K on Co(BPZX).

Table 1. Collective data on BET areas, as retrieved from the N> adsorption isotherm, O>
uptake (at p = 1 bar; T =273 K and 195 K) and oxygen isosteric heat of adsorption (Qs) of

the Co(BPZX) MOFs presented in this work.

0.6 32
Co(BPZ) 926'% 17.7
(2.0 wt.%) (10.1 wt.%)
1.1 2.8
Co(BPZNO:») 645'% 13.7
(3.5 wt.%) (9.1 wt.%)
0.5 1.8
Co(BPZNH:) 317 15.9

(1.6 wt.%) (5.9 wt.%)

The isosteric heat of adsorption (Qs) of O was estimated with a variant of the Clausius-
Clapeyron equation (Equation 1, through the comparison of the O adsorption isotherms
recorded at 273 and 195 K). The results are shown in Table 1. The isosteric heat of adsorption

reflects the interaction strength between O> and the inner pore walls of the MOFs. Co(BPZ)
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affords the highest value of 17.7 kJ/mol calculated at zero coverage, while the Qs trend
follows the order Co(BPZ) > Co(BPZNH2) > Co(BPZNO2). The Qs values found for these
MOFs are higher than those found for the Co(II) MOFs MFU-1 (11.1 kJ/mol) and MFU-2
(8.5 kJ/mol), built with the 1,4-bis[(3,5-dimethyl)pyrazol-4-yl]benzene ligand and having
much higher BET areas (1525 and 1474 m%/g, respectively).’® The thermodynamic affinity for
O> of Co(BPZ) is comparable to PCN-9 (17.8 kJ/mol), a Co(Il) MOF containing the triazine-

2,4,6-triyltribenzoate spacer and with a BET area of 1064 m?/g.>’

3.5. Oxidation of cumene over Co(BPZX)

The effect of different ligand tags on the catalytic oxidation of cumene and product
distribution was evaluated. The results obtained with Co(BPZ) are shown in Table 2 - Entries #2
and #2a, while the whole time-conversion plot is presented in Figure S10 of the Supporting
Information. This MOF showed a good catalytic activity for CM oxidation (34% conversion after 7
h) as compared with the blank (autocatalyzed) process (5% conversion under the same reaction
conditions, Entry #1). Moreover, Co(BPZ) afforded a very high selectivity to CHP: up to ~90% at
8% conversion after 1 h, which is only slightly lower than the autocatalytic process (94%). This
selectivity decreased slightly for longer reaction times, down to 84% at 34% conversion after 7 h,
along with the formation of PP and AP byproducts. These side products come from the decomposition

of CHP, which is catalyzed by the same active sites (Co?* ions) that are involved in CM oxidation.
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Table 2. Aerobic oxidation of cumene. Reaction conditions: 1 mL (7.14 mmol) of cumene, catalyst

(cumene-to-metal molar ratio = 150), po2 = 4 bar, T = 363 K.

1 Blank 7 5 94 6 0 0
2 1 8 909 10 O 0
Co(BPZ)
2a 7 34 84 15 1 0
3 1 10 74 22 3 1
Co(BPZNO2)
3a 7 32 74 22 3 1
4 1 39 18 71 8 3
4a Co(BPZNH:) 7 72 16 69 11 4
4b 24 84 7 73 14 6
5 Co3(BTC), 184 7 49 69 30 1 0
6 Co-salen-polymer 7 12 59 37 57 - -
7 Co304 104 - - 60 40 - -

@ Conversion (mol %), determined by GC. ? BTC?" = benzene-1,3,5-tricarboxylate. ¢ Conditions: poz

=1 bar; T = 383 K.  Conditions: poz = 1 bar; T = 353 K.

We have recently reported on the catalytic activity of mono- and bimetallic trimesate (benzene-
1,3,5-tricarboxylate, BTC*) compounds prepared from aqueous solutions and employed in the
aerobic oxidation of CM.!® In particular, as compared with Co3(BTC), (Table 2, Entry #5), a lower
activity was found for Co(BPZ) under the same experimental conditions (34% vs. 49% conversion
after 7 h, respectively), though the CHP selectivity to was significantly higher: 84% vs. 69%,
respectively (Entries #2a and #5 in Table 2). These differences in catalysts performance mirror the
different chemical properties and coordination environment of the Co®* sites imposed by the ligand

nature and the crystal structure.
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The introduction of -NO> groups on the bipyrazolate skeleton has no significant influence on the
catalytic activity (Table 2, Entries #3 and #3a): a slightly higher activity was found for Co(BPZNQO2)
at short reaction times as compared to Co(BPZ) (10% vs. 8% conversion after 1 h, respectively), but
both compounds have practically the same activity at longer reaction times, (32% vs. 34% conversion
after 7 h, respectively). However, small changes were observed in product distribution: a lower CHP
selectivity (74%) and a higher formation of PP and AP (Table 2, Entries #3 and #3a) were observed
for Co(BPZNO2). Small traces (ca. 1%) of an additional heavier product (CMD in Table 2) was also
observed, identified as a cumene dimer coming from the direct coupling of two cumyl radicals

(Scheme 1).%8

More important changes are found when —NH> groups were introduced into the bipyrazolate linker
(Table 2, Entries #4 and #4b). In this case, dramatic changes of catalyst activity and cumene oxidation
products distribution were observed (see Figure S10 in the Supporting Information): 39% conversion
of CM was reached with Co(BPZNH?:) after only 1 h. After 7 h, conversion increased to 72%, while
the selectivity to CHP dropped to 16%. Interestingly, the resulting selectivity to PP formation
obtained over Co(BPZNH2) increased up to 69%. Longer reaction times only produced a slight
increase of conversion and selectivity to PP (up to 84% CM conversion and 73% PP selectivity after
24 h), but the amount of CMD increased significantly (6%) as well. The catalytic performance of
Co(BPZNH?:) is better than that observed under similar experimental conditions for the Co-Na
heterodinuclear polymer complex based on a Salen Schiff base and a crown ether reported by Wang
et al. in 2006,” in terms of both conversion (72% after 7 h vs. 59% after 12 h, entries #4a and #6 in
Table 2) and PP selectivity (69% vs. 57%). Our catalyst is also better-performing than the classical

Co**/Co*" mixed-oxide Co304' that shows only 40% selectivity for PP (Entry #7 in Table 2).

As mentioned in the Introduction, CHP is the primary product of CM oxidation, while PP and AP
come from CHP decomposition. Therefore, PP and AP formation depends on the ability of the Co**

sites to decompose the CHP formed in the main reaction. In line with this observation, for other
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MOFs!% 18 we have observed that an increase of CHP decomposition rate translates into a faster CM
conversion and a lower CHP selectivity. Therefore, the differences in product distribution observed
in Table 2 for the Co(BPZX) MOFs reflects the ability of the catalyst to oxidize CM to CHP and to
decompose the formed CHP. To address this point, we designed additional experiments of CHP

decomposition over the Co(BPZX) samples. The results obtained are summarized in Table 3.

Table 3. Decomposition of CHP over the Co(BPZX) MOFs. Reaction conditions: 1 mL of cumene,
ca. 14 mg of catalyst (CM to Co®" molar ratio = 150), 110 uL of CHP, diphenylether as internal

standard (50 puL), N2 atmosphere, 363 K.

Entry (#) Catalyst CHP decomposition® (%)

at7 h at24 h
1 Blank 2.8 4.4
2 Co(BPZ7) 4.4 7.1
3 Co(BPZNO>) 11.5 17.2
4 Co(BPZNH>) 26.6 55.3

“ CHP decomposition (%) determined by GC.

From a comparison of the data shown in Tables 2 and 3, it is evident that the final CHP selectivity
attained in the aerobic oxidation of CM decreases as the ability of the catalyst to decompose CHP
increases. Thus, CHP decomposition over Co(BPZ) was only slightly faster than in the blank
experiment (thermal CHP decomposition, Table 3, Entries #1 and #2): 7.1% vs. 4.4% decomposition

after 24 h, respectively. Conversely, the decomposition of CHP was much faster over Co(BPZNH2),
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attaining 55.3% decomposition after 24 h (Table 3, Entry #4). Meanwhile, the activity of
Co(BPZNO2) for CHP decomposition lays in between the other two MOFs, as does the final CHP
selectivity (Table 3, Entry #3). Co(BPZNQ2) is slightly more active than Co(BPZ) at short reaction

times (< 1 h), but it also deactivates faster, due to the formation of the bulky cumene dimers.

It has been reported® that the presence of Oz during CM oxidation can minimize CHP
decomposition pathways, thus increasing the final selectivity to CHP. Therefore, the higher
affinity of Co(BPZ) for O; as compared with Co(BPZNQO2) and Co(BPZNH2) according to
the estimated isosteric heat of adsorption (Qs, Table 1) might also contribute to some extent

to the higher selectivity to CHP observed for Co(BPZ.).

In summary, the activity of the scrutinized MOFs for CM conversion and CHP decomposition
follows the trend Co(BPZNH2) >> Co(BPZNO2) > Co(BPZ), which is also the opposite trend
observed for the CHP selectivity. Therefore, the presence of amino (and, to a minor extent, nitro)
groups in the MOF linkers determines the catalytic properties of the solids, inducing a clear tag-
dependent selectivity. In particular, the amino groups in the 4,4'-bipyrazolate ligand can play a dual
role: a local change of the electronic density on Co®* and the introduction of additional adsorption
sites for CHP (through hydrogen bonds between CHP and the solid catalyst) that may accelerate CHP
decomposition. Although the former effect cannot be ruled out, we think that the latter may have a
higher impact on the catalytic properties of the scrutinized MOFs. In this sense, Liao et al. have used
carbon nanotubes (CNTs) and nitrogen-doped carbon nanotubes (NCNTs) as catalysts for the aerobic
oxidation of CM.* NCNTs were significantly more active than CNTs for this reaction (74% vs. 16%
conversion), yielding PP as the main product (96.7% selectivity), while CNTs were highly selective
towards CHP (90%). Based on DFT calculations, the authors concluded that the high catalytic activity
and PP selectivity of NCNTs is due to a strong interaction with CHP. Thus, once CHP is formed, it
remains strongly adsorbed onto the catalyst surface, where it is easily over-oxidized and decomposes

to PP. Conversely, the calculated interaction energy between CHP and undoped CNTs was much
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lower, so desorption of CHP is more likely to occur. This minimizes CHP decomposition events, thus

increasing the final CHP selectivity.

To determine whether the amino groups in Co(BPZNH2) play a similar role in determining the
catalytic properties for CM oxidation, we have evaluated the strength of the interaction between the
catalyst and CM or CHP by measuring their heat of immersion. This technique provides information
related to the surface area available to the liquid and, more importantly, to the specific interaction
between the solid surface and the wetting liquid.*! The enthalpy of immersion (AHimm) is the enthalpy
change at constant temperature arising when a solid is immersed into a wetting liquid in which it does
not dissolve nor react.*” Moreover, immersion in the pure liquid can closely mimic the catalytic
conditions used in this work. The results of the heat of immersion experiments are collected in Table

4.

Table 4. Heat of adsorption for selected MOFs in CM and CHP.

AHimm in CM AHimm in CHP
Jg  J/m? J/g J/m?
Co(BPZ7) -81 -0.09 -137 -0.15

Co(BPZNH>) -219  -0.69 -283  -0.89

The heat of immersion in CHP is clearly much higher in the case of Co(BPZNH?) than for
Co(BPZ): 283 vs. 137 J/g, respectively. This difference is still higher if the specific surface area of
each compound is taken into account (0.89 vs. 0.15 J/m?, respectively). This is possibly due to the
existence of the amino groups in the linkers as additional (stronger) adsorption sites for CHP,
reasonably through N—H:--O hydrogen bonding interactions between the -NH> group of BPZNH> and

the —OOH moiety of CHP. Moreover, the heat of immersion in CHP is higher than that in CM for
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both Co(BPZ) and Co(BPZNH2z). This suggests that both MOFs tend to decompose CHP, as already

demonstrated in the CHP decomposition experiments summarized in Table 3.

Finally, it is worth mentioning that all the Co(BPZX) compounds are stable under the adopted
reaction conditions, according to the PXRD patterns recorded after the catalysis. Additional SEM and
XPS comparative characterization of Co(BPZNH2) before and after catalysis has been carried out, to
check for structural or morphological changes occurring to the MOF during the catalytic process.
Both SEM images (Figure 5) and the Co 2p and N 1s XPS spectra (Figure 6) of fresh and used
Co(BPZNH?:) have confirmed its stability under the oxidative catalytic conditions used. The Co 2p
XPS spectra can be fitted with only one main component with related satellite peaks at BEs = 781
and 796 eV (Figure 6b-c). These peaks are typical of Co** ions for their 2p3» and 2pis electronic
states, respectively.*> No Co’" ions are detected, normally associated to bands at lower BEs = 767
(2p3r2) and 769 (2p112) eV.** The N 1s XPS spectra can be fitted with one main component and a minor
shoulder in a roughly 4:1 ratio at BEs between 399 and 400 eV (Figure 6d-e). While the former
component at lower BE can be unambiguously ascribed to N-pyrazole atoms from the linker,* peaks
centered at 400 eV are likely due to the -NH, tag.*® The curve fitting has ruled out the presence of

oxidized functional groups like -NO [whose N(1s) peak is normally centered around 404 eV].**

(a) (b)

Figure 5. SEM images of fresh (a) and used (b) Co(BPZNH:2). No morphological differences can be

noticed between the two samples.
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Figure 6. (a) XPS survey spectra recorded for fresh (blue curve) and used (red curve) Co(BPZNH2).
XPS Co 2p (b-c) and N 1s (d-e) core level regions of fresh and used Co(BPZNH2) along with their

relative curve fittings.

Analysis of the filtrates after the reaction by ICP-OES revealed that the amount of Co?* ions
leached from the solid catalysts was almost negligible, in all cases below 2% of the total amount of
Co** used in the reaction. Moreover, the MOFs maintained their catalytic activity and CHP (or PP)

selectivity practically unmodified for at least five consecutive cycles (see Figure S11).

4. CONCLUSIONS

A series of Co(Il) MOFs containing 4,4'-bipyrazolate linkers with different chemical tags has been
exploited as heterogeneous catalysts in cumene oxidation. The obtained results have shown that
simple ligand functionalization is a good solution to tune the reaction outcome towards the desired
product (tag-dependent selectivity). Among the tested 4,4'-bipyrazolate materials, Co(BPZ) presents
good catalytic activity and the best selectivity to CHP, while Co(BPZNH>) is featured by high
activity. More importantly, Co(BPZNH2) turned out to be a good candidate for PP production as the
main product. This mirrors the results obtained in CHP decomposition tests and heat of immersion
measurements carried out on the scrutinized catalysts. The O affinity of the materials has been
quantified through the evaluation of the O2 isosteric heat of adsorption (Qs), with the trend
Co(BPZ) > Co(BPZNH2) > Co(BPZNO2). To the best of our knowledge, this is the first example
of the employment of pyrazolate MOFs as catalysts for cumene oxidation and the first case of tag-
dependent selectivity ever observed in a MOF. A detailed computational analysis of the reaction
mechanism and of the tag-dependent selectivity will be carried out soon, also including other types
of chemical tags on the bipyrazolate linker not considered here. The in silico screening of the best-

performing bipyrazolate MOF for this reaction allows to focus our future experimental synthetic
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efforts. Consequently, other 3d metal-based MOFs containing pyrazolate spacers will be
prepared and tested in cumene oxidation, in search for better-performing heterogeneous

catalysts for this important industrial reaction.
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SYNOPSIS. Cumene aerobic oxidation catalysed by Co(Il) bipyrazolate MOFs decorated
with assorted functional groups is featured by a tag-dependent selectivity. The untagged MOF
Co(BPZ) shows the best selectivity to cumene hydroperoxide, while the amino-tagged catalyst

Co(BPZNH?2) gives 2-phenyl-2-propanol as preferential oxidation product.
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