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Abstract: The paper concerns application of two types of organic materials — porous aromatic frameworks
(PAFs) with diamond-like structure and the ordered mesoporous phenol-formaldehyde polymers (MPFs)
— as supports for metal and metal sulfide nanoparticles. The obtained hybrid materials were tested in
hydrogenation of various unsaturated and aromatic compounds. Ruthenium catalyst, based on PAF (Ru-
PAF-30), possessed high activity in exhaustive hydrogenation of phenol into cyclohexanol with TOF value of
2700 h. Platinum catalyst, based on modified with sulfo-groups MPF (MPF—SO3H—Pt), was selective in semi-
hydrogenation of terpenes, [c-terpinene, y-terpinene, terpinolene, (s)-limonene]. Bimetallic Ni-W sulfide
catalysts, prepared by in situ decomposition of [(n-Bu),N],Ni(WS,), within the pores of MPFs and PAFs, pos-
sessed high efficiency in hydrogenation-hydrocracking of naphthalenes as model substrates.
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Introduction

Development of new functional materials that could improve present technologies is of great importance
to meet the growing number of challenges related to health, sustainability, and environmental protec-
tion. Combination of organic polymers and inorganic materials has led to the exploration of new materi-
als with unique properties and wide spectrum of applications [1-3]. Over the last decades, tremendous
progress has been made in the design of heterogeneous catalysts with defined properties [4-6]. The key
point here is to apply methods and procedures that allow to predict or, even, to control the structure and
composition of catalytic materials. This includes tailoring pore size and structure of supporting materials,
building and defining the location of catalytically active sites, control the size of catalysts nanoparticles
and, finally, establishing the reaction mechanism at the molecular scale and using it for optimization of
catalytic process.

In particular, one of the most convenient approaches to obtain mesoporous materials with controlled
properties are template synthesis routes, numerous cross-coupling and self-assembly reactions. The above
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mentioned methods have been applied successfully for preparation of different mesoporous inorganic [7-10],
carbon-based materials [11-13] and metal-organic frameworks [14, 15].

Besides great progress in the synthesis of mesoporous materials with defined properties, there is still a
great issue to create solid catalysts with necessary location and/or configuration of active sites. Although, a
number of certain negative processes may arise on the support surface, such as uncontrollable side reactions
or surface effects that are difficult to avoid. Moreover, even if the desired catalyst is obtained, the processes
of structure degradation, atom migration from metal nanoparticles and the agglomeration of the latter lead
to catalyst deactivation.

Hence, development of stable, non-degradable materials with nanoparticle stabilizing properties is of
the great interest. Thus, materials based on aromatic units, linked by covalent carbon-carbon bonds, are par-
ticularly important due to their robust structure, high stability and possibility of modification with functional
groups. So, the present paper describes the application of mesoporous organic-inorganic hybrid materials
based on metal and metal sulfide nanoparticles incorporated into the organic matrix of PAFs and MPFs as
hydrogenation catalysts.

PAFs as material for hydrogenation catalysts

Porous aromatic frameworks make up relatively new class of carbon-based polymers that consist of aro-
matic rings linked with each other, in some cases through hub atoms (Fig. 1). Their advantages are high

Fig. 1: Representative structure of PAF with dia topology on the example of single cell of PAF-20.
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surface area, tailored pore sizes, high thermal and chemical stability and diversity of facile functionalization
methods. They found application in the fields of gas separation, membrane technology [16-18], and carbon
dioxide capture [19-21], as well as materials for light harvesting and catalysis. Talking about the latter appli-
cation area, porous aromatic frameworks were used for preparation of solid-acid and solid-base catalysts
[22-24], catalysts based on immobilized metal complexes [25-27], and classic heterogeneous catalysts with
metal nanoparticles within the pores of material [28-32]. Several modifications of the structure make it pos-
sible to synthesize materials with ion-exchange properties [21, 25, 32].

In our previous works we reported the synthesis of palladium, platinum and ruthenium nanoparticles
within the pores of PAFs [31, 33]. For these purposes PAFs were treated with metal salts in organic solvents
(RuCl, in ethanol with 1,5-cyclooctadiene; Pd(OAc), in chloroform; H,[PtCl ] in methanol) with subsequent
reduction with sodium borohydride to yield the catalysts Ru-PAF-20 (Ru — 3.9 % mass.), Ru-PAF-30 (Ru — 4.8 %
mass.), PAF-30-Pt (Pt — 6.0 % mass.) and PAF-30-Pd (Pd - 5.1 % mass.).

The initial PAF materials were synthesized by Suzuki cross-coupling reaction between tetrakis-[p-bromo-
phenyl]methane and 1,4-phenylenediboronic acid or 4,4’-biphenyldiboroic acid. Consequently, correspond-
ing frameworks have dia topology and 3 or 4 benzene rings in the edge. The obtained materials consisted of
spheres with the diameter of 100—300 nm and displayed high thermal stability (up to 420 °C) and surface area
(480 m?/g for PAF-20 and 300 m?/g for PAF-30).

The synthesized catalysts were successfully used for hydrogenation of unsaturated compounds. It should
be noted that the size-selective effect was observed for these materials. Thus, ruthenium catalyst Ru-PAF-20,
based on framework with lesser pore size (PAF-20, three benzene rings in the edge) was active in hydrogena-
tion of only small substrates — benzene, toluene and phenol, whereas Ru-PAF-30 catalyst that is based on
PAF with bigger pore size (PAF-30, four benzene rings in the edge) was successfully used for hydrogenation of
more bulky compounds — up to tetralin (Fig. 2).

MPFs as material for hydrogenation catalysts

Mesoporous phenol-formaldehyde polymers represent an advanced class of ordered mesoporous materials
which combines qualities of both inorganic mesoporous materials and hydrophobic organic supports [13].
Unlike COFs and PAFs with amorphous networks, MPFs possess tunable periodic structures, ordered and
uniform mesopores with adjustable mesopore sizes (2-30 nm). These materials have found applications in
various processes as supports for immobilization of metal nanoparticles [34-38], metal complexes [39-41],
ionic liquids [42-44], and as solid base [45, 46] or acid [47-49] catalysts.

Different variations of MPF synthesis methods have been developed over the past decade [50-54]. The
general procedure of mesoporous phenol-formaldehyde polymers synthesis is based on a solvent evapora-
tion induced self-assembly method (EISA), which implies using amphiphilic triblock copolymer (Pluronic
F127) as template, and a soluble low-molecular weight polymer of phenol and formaldehyde (resol) as a
precursor, followed by thermopolymerization process at 100 °C for 24 h and template removal at 350 °C under
inert atmosphere. The obtained mesoporous polymers possess a hexagonal mesostructure with channel like
pores and a high surface area (350-600 m?/g).

The abundance of aromatic rings in MPF polymeric networks provides abilities for introduction of func-
tional groups into the structure. A series of mesoporous phenolic resin-based catalysts has been developed
by chemical modification of organic framework walls [13]. Modification with functional groups makes it pos-
sible to immobilize metal ions, to stabilize nanoparticles, and to ensure their regular incorporation into the
pore space (Fig. 3). In addition, these groups can serve as surface modifiers of transition metal nanoparticles
and influence the activity and selectivity of catalysts [55-57]. Thus, the development of catalysts based on
metal nanoparticles stabilized by the n-electrons of benzene ring moieties and additional functional groups
is of great interest.
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Fig. 2: Hydrogenation of arenes in presence of Ru-PAF-20 and Ru-PAF-30. Reaction conditions: 80 °C, 3.0 MPaH,, 1 h, 3 mg cat.,
V(H,0)=V(sub.); substrate:metal=2000:1 mol. Reprinted from [31].
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Fig. 3: Representative structure of mesoporous phenol-formaldehyde polymer (on the left) and TEM image of MPF-SO_H-Pt-c
catalyst (on the right).

In the recent work, we described encapsulation of platinum and palladium nanoparticles in mesoporous
phenol-formaldehyde resins, modified with sulfo groups, and application of synthesized catalysts in hydro-
genation of terpenes (Scheme 1, Fig. 4) [38]. Palladium catalysts showed high activity in exhaustive hydro-
genation, whereas platinum catalysts exhibited unexpected selectivity towards monoenes. It is assumed
that metal and hydroxyl oxygen of the sulfo group undergo a Coulomb interaction, which results in electron

2RIy

Scheme 1: Hydrogenation of (s)-limonene, o-terpinene, y-terpinene and terpinolene.
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transfer from metal to oxygen [58]. In consequence, the resulting monoene much more readily undergoes
readsorption and hydrogenation on the electron depleted Pd surface.

PAF and MPF as supports for noble metal catalysts

The development of highly active and selective hydrogenation catalysts capable of converting acetylenes to
alkenes without a significant increase in the alkane content is a problem of considerable interest [59, 60].
In this connection, different approaches such as poisoning, using metal oxides, metal alloys, hybrid, and
single-site catalysts can be applied. Metal nanoparticles immobilized in polymeric supports with a regular
structure are one of the most attractive types of catalysts for reactions in conventional flow reactors, and for
use in slurry phase systems [61-63].

Catalysts based on palladium and platinum nanoparticles supported on the porous aromatic frameworks
and mesoporous phenol-formaldehyde resin modified with sulpho groups and PPI dendrimers were used in
hydrogenation of several unsaturated compounds (Figs. 5-8) [33, 35, 36]. The size of metal nanoparticles was
estimated to be in the range of 3.2-5.3 nm and was slightly higher for platinum. It was found that Pt-PAF-30
catalyst was more active, but the selectivity was higher for Pd-PAF-30 catalyst in semihydrogenation of phe-
nylacetylene and 2,5-dimethyl-2,4-hexadiene (Fig. 6). These results are in accordance with numerous works,
reported earlier [64, 65]. Alternatively, Pd-containing catalysts modified with sulfo groups exhibited higher
activity than platinum catalysts. It is assumed that in case of sulfonated Pt catalysts, a special synergetic
effect occurs between metal and SO, groups, which is responsible for activity and selectivity [36]. All cata-
lysts showed high selectivity (not less than 92%) for styrene in phenylacetylene hydrogenation. Besides,
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Fig. 4: Conversion and product selectivity distribution for the terpenes hydrogenation. Reaction conditions: 80 °C, 4.0 MPa H,,
1h, substrate/metal=1500-4000 mol.
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Fig. 5: Catalytic activity of noble metal catalysts in hydrogenation of unsaturated hydrocarbons. Reaction conditions: (a)
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metal=8000-65 000 mol/mol (MPF-PPI-G3-Pd, MPF-SO,H-Pt-a, MPF-SO_H-Pt-c, MPF-SO_H-Pd-b, MPF-SOEH-Pd-c).
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Fig. 6: Product selectivity distribution and conversion in hydrogenation of 2,5-dimethyl-2,4-hexadiene and 4-octyne.

in case of dendrimer-modified catalyst MPF-PPI-G3-Pd high selectivity for semi-hydrogenated products was
retained until the complete substrate conversion [37].

PAF and MPF as supports for sulfide catalysts

All catalysts above were active in hydrogenation of comparably small substrates. However, one of the chal-
lenges of current industry is conversion of high-boiling hydrocarbons into fuels, or, in other words, into
hydrocarbons with lower molecular weight and higher H to C value. In general, this process can be divided
into two steps: hydrogenation of unsaturated bonds and subsequent cracking of some saturated bonds.
Although noble metal-based catalysts possess high hydrogenation activity, they are extremely sensitive to
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Fig. 7: Scheme of NiWS-phase formation from thiosalt within the pores of polymers.
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Fig. 8: Naphthalene hydrogenation over NiWS catalysts. Reaction conditions: 380 °C, 5.0 MPa H,, 5 h, 50 mg cat., 50 mg
of sulfur and 2 mL of benzene for PAF-based catalysts, 70 uL DMDS and 2 mL of C for MPF-based catalyst, 80 mg of
naphthalene.
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the presence of catalytic poisons, especially to different sulfur-containing compounds [66]. This fact makes
it difficult to use noble metal-based catalysts in hydrogenation of high-boiling compounds, because in most
cases they contain impurities such as numerous substituted dibenzothiophenes, benzothiophenes, thiols,
sulfoxides, etc.

A number of catalysts stable in the presence of sulfur-containing compounds include molybdenum
and tungsten sulfides, often with addition of promoting elements — nickel or cobalt [67, 68]. There is a great
variety of synthesis methods of such catalysts, which differ in starting materials, conditions of MeS, phase
formation, and applied promoter [69-73].

Our approach was to obtain active sulfide phase in situ during the reaction. The general procedure
includes infiltration of PAFs or MPF with [(n-Bu), N],Ni(WS,), and further decomposition of the salt to form
NiWS phase in the course of the reaction (Fig. 7).

The synthesis details of this approach have been reported recently [74, 75]: tungsten catalysts with metal
content of 15% wt., based on PAF and MPF, were obtained and tested in the hydrogenation-hydrocracking
reactions of naphthalene and methylnaphthalenes as model substrates. The combined results of the experi-
ments are presented in Figs. 8 and 9.

The highest conversions of naphthalene into reaction products using PAF-based catalysts were achieved
using sulfurizing agents. To give an explanation to these results, analysis of the catalysts structure after the
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reaction was performed. The XPS study of the catalysts revealed, that without sulfurizing agent the predomi-
nant metal form is W¢*, whereas the addition of sulfur and DMDS leads to higher shares of WS, form, which is
more active in hydrogenation than the former phase.

PAF-NiWS catalytic systems possessed very low cracking performance. This fact can be attributed to the
mechanism of catalytic cracking process: the C-C cracking and skeletal isomerization reactions take place in
the presence of acids, and therefore, low cracking activity of PAF-NiWS systems is due to the absence of acid
sites in the PAF structure and low acidity of NiWS phases. In contrast, in case of MPF-NiWS catalyst, the share
of hydrocracking products was up to 35 %. The probable reason of such high cracking activity of MPF-NiWS
catalyst is moderate acidity of hydroxy-groups at the reaction conditions. This fact shows a direct impact of
functional groups on material properties and, eventually, on the performance of catalysts.

Conclusions

Mesoporous organic-inorganic hybrid materials, based on PAFs and MPFs, were used in hydrogenation of
various unsaturated compounds. It was shown, that the presence of functional groups on the surface of
mesostructure, pore volume and pore diameter influenced on the catalytic activity of materials. The differ-
ence in pore diameters in PAF-based ruthenium catalysts sufficiently impact on the conversion of ‘bulky’ sub-
strates in hydrogenation reaction, and modification of MPF with functional groups of different nature make
possible to control the activity and selectivity of the catalysts. These materials, due to their robust structure,
high stability, possibility of modification with functional groups and nanoparticle stabilizing properties, are
of considerable interest for creation of new catalysts for different processes.
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