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Abstract—Recent advances in the synthesis of polymer-immobilized clusters and metal nanoparticles and
their use in catalysis of many organic reactions were presented. The main types of polymer-immobilized cat-
alysts were considered, including cluster-containing polymers, polymer-protected metal nanoparticles fixed
on inorganic supports, and gel-immobilized catalysts. Special attention was paid to the role of the polymer
matrix. It functions not only as a stabilizing agent that prevents the aggregation of nanoparticles and their
leaching into the reaction medium, but also as a ligand in the coordination sphere of the metal site, which
allows the advantages of homogeneous and heterogeneous catalysts to be combined in one catalyst.
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Abbreviations and notation: DLS, dynamic light scattering;
DEAEMA, N,N-diethylaminoethyl methacrylate; MAA, meth-
acrylic acid; MBAA, methylene-bis-acrylamide; LCDT, lower
critical dissolution temperature; 4-NPh, 4-nitrophenol; P2VP,
poly-2-vinylpyridine; PAM, polyacrylamide; PAAG, polyacryl-
amide gel; PABA, para-aminobenzoic acid; PAA, polyacrylic
acid; PVBTTMAC, poly-N-vinylbenzyl-N,N, N-trimethylam-
monium chloride; PVPD, poly-N-vinylpyrrolidone; PDM-
DAAC, poly-N,N-dimethyl-N, N-diallylammonium chloride;
PMCs, polymer-metal complexes; PNBA, para-nitrobenzoic
acid; PNIPAM, poly-N-isopropyl acrylamide; PNIPAMG,
poly-N-isopropyl acrylamide gel; PEG, polyethylene glycol;
PEI, polyethylene imine; XPS, X-ray photoelectron spectros-
copy; SEM, scanning electron microscopy; CH, cyclohexane;
cyclohexene; CD, B-cyclodextrin; JR-400, cationic polyelectro-
lyte; NP, nanoparticle; PAMAM, poly(aminoamide); PIIL,
polymer-immobilized ionic liquid; PSSA-co-MA, poly(4-styre-
nesulfonic acid-co-maleic acid); TMQ, 2,3,6-trimethyl-1,4-
quinone; TOF, turnover frequency, the maximum number of
moles of the product that formed per unit time on 1 mol of the
catalyst, time ! ;TON, turnover number, the number of moles of
the product (molecules of the product) that formed on 1 mol
(one site) until the catalyst completely lost its activity.
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INTRODUCTION

Metal nanoparticles, also called nanoclusters or
nanostructures, are the objects of active research due
to their wide applicability in various fields such as
catalysis, electronics, data recording and storage, sen-
sors, and medicine [1—4]. The growing interest in the
use of metal nanoparticles in catalysis is dictated by
the following reasons. On the one hand, they have
high specific surface area and are therefore as effective
as homogeneous catalysts. On the other hand, they are
characterized by high proportion of surface metal
atoms that can play the role of potential active sites,
which is significantly higher than in ordinary hetero-
geneous catalysts. The development of new catalytic
systems combining the possibility of recycling the het-
erogeneous catalysts with a wide range of catalyzed
reactions and high selectivity of homogeneous cata-
lysts is a challenge today.

Nanocatalysis (in particular, metal nanoparticles
encapsulated in polymers) as an actively developing
area in modern catalysis is often considered as an
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intermediate field between homogeneous and hetero-
geneous catalysis [5—7]. In the case of polymer-
immobilized metal complexes, the tendency toward
combining the advantages of conventional homoge-
neous and heterogeneous catalysts and elimination of
their disadvantages has already led to the creation of
hybrid-phase catalytic systems [§—13]. They are char-
acterized by the possibility of easy separation from the
reaction mass and reuse like typical heterogeneous
catalysts; high efficiency and better reproducibility
characteristic of homogeneous catalysts, while the
structure of heterogeneous catalysts substantially
depends on the synthesis and processing procedure;
lower sensitivity of their properties to oxygen and
moisture traces due to the hydrophobic nature of the
polymer matrix, etc. Multifunctional nanomaterials
can also be obtained by designing complex hybrid
nanostructures due to association of the metal core
and the stabilizing shell of the organic ligand, poly-
mer, ionic liquid, inorganic compound, support, etc.
These associations and interactions are very important
for fine control of the surface properties of the nano-
structure and hence the catalytic efficiency of the
hybrid nanocomposite. The role of the nonmetal
component in such systems can be dual. On the one
hand, the polymer matrix, e.g., stabilizes the highly
dispersed, easily oxidizable metal nanoparticles, pre-
venting their oxidation and leaching into the environ-
ment. On the other hand, it can act as a cocatalyst: its
properties can be changed in a definite way for direct
control over the reactivity and selectivity of the metal
core. Thus, the size of metal nanoparticles obtained in
the polyamidoamine matrix (PAMAM) depends on
the number of functional groups in the dendrimer and
its structure [14]. The number of internal amino
groups determines the maximum number of metal
ions that can be encapsulated in the polymer matrix
for control over the nanoparticle size. In the cyclopro-
panation in the presence of a hybrid catalyst of den-
drimer-encapsulated Au/SiO, nanoparticles, the
selectivity with respect to the cis-diastereoisomer
increased fivefold compared to the homogeneous ana-
log, which was explained by the steric effects of the
dendrimer matrix [15].

Numerous experimental data and theoretical cal-
culations indicate that the differences in the electronic
and geometrical structures of supported individual
atoms, metal clusters, and nanoparticles significantly
affect the selectivity and activity of the catalytic pro-
cess due to their size, nature of interaction with sup-
port and reagents, and the possibility of their evolution
during the catalytic reaction [16]. For nanoparticles of
less than 1 nm, over 90% of atoms are localized on the
surface of the cluster, which can lead to a decrease in
the coordination number, shortening of the metal—
metal bond, easier oxidation, etc. These properties of
subnanometer metal particles, as well as the high sur-
face energies and surface/volume ratios, provide their
exceptional catalytic activity and selectivity in many
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organic reactions. The Pd nanoclusters (with sizes of
<2 nm) stabilized by the PEG—PNIPAM copolymer
show very high activity in the Suzuki reaction of
iodine- or chlorobenzene with phenylboronic acid
(TOF = 4.3 x 10* h™") [17]. The Cus;, nanoclusters in
the matrix of the PAMAM-—OH(G6) dendrimer
matrix exhibit 100% selectivity in the hydrogenation of
the C=0 bond to the alcohol molecule in the presence
ofthe C=C bond in the hydrogenated compound [18].
The presence of an induction period in some Au-cat-
alyzed reactions, for example, in alkyne bromination
and hydration with mononuclear compounds (HAuCl, or
AuCl) used as initial catalysts, is associated with in situ
formation of catalytically active Au clusters [19]. The
size-dependent catalytic properties of clusters in these
reactions were confirmed in the case of specially syn-
thesized Aus and Aug clusters encapsulated in the
poly(aminoamide) (PAMAM) dendrimer molecule.
Their activity was slightly lower than in the case of
the in situ formed systems, in which the structures
and coordination environments of the clusters were
optimum.

In heterogeneous catalysis, the creation of mono-
disperse catalytic systems is a fundamental principle.
The majority of catalysts used in chemical industry,
energetics, and ecological systems are supported:
active particles 1—100 nm in size are usually located on
the inner surface of a porous support. This is explained
by the fact that the properties of supported catalysts
depend on the structure and size of the active phase;
when its content decreases, a decrease in the particle
size of the deposited metal leads to an increase in the
number of active sites of the same composition
involved in the catalytic process, which leads to an
increase in the reaction rate and selectivity.

Significant progress has been achieved in the past
decades in the use of polymer stabilizers for metal
nanoparticles used as catalysts of numerous organic
synthesis processes [20—26]. Along with stabilization
of catalytic active sites, another effective strategy is
catalyst separation and recycling. For example, the use
of soluble polymers makes it possible to avoid diffu-
sion limitations on the rate of the catalytic reaction.
One of the recently developed approaches is based on
the use of polymer supports with covalently bound
molecules of ionic liquids, making use of some advan-
tages of the latter such as effective stabilization and
activation of catalysts, increased reaction rate and
selectivity, and efficient recycling of catalytic systems.
There are numerous examples of successful use of this
strategy in immobilization of the catalytically active
metal nanoparticles [27—30], including, e.g., chemo-
selective hydrogenation of unsaturated aldehydes and
ketones by Pd nanoparticles stabilized by the phos-
phine-containing polymer-immobilized imidazolium
ion (PANP@PPh,-PIILP) and its PEG-modified
derivative (PANP@PPh,-PEGPIILP) [31] (Fig. 1,
Table 1).
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Fig. 1. (a) Fragment of the structure of PANPs@PPh,-PIILP and (b) diagram of the catalytic hydrogenation of cinnamaldehyde.
The quantitative parameters of the reaction in the presence of polymer-immobilized Pd nanoparticles are given in Table 1.

Modification of support with PEG molecules
increases both the catalyst efficiency in cinnamalde-
hyde conversion and the selectivity of C=C bond
hydrogenation, which can reach 100%.

The same catalytic system with insignificant cross-
linking (due to the presence of the fris-4-vinylphenyl-
phosphine group) is highly efficient in the reduction of
aromatic nitro compounds under moderate conditions
and at low catalyst loads with TON = 3600 (TOF =
2580 h~!) and 274000 (TOF = 17125 h~") for transfer
hydrogenations and hydrations, respectively [32]. In
addition, Pd-immobilized catalysts of this type are
active in the Suzuki—Miyaura tandem cross-linking
and reduction of nitroarenes with formation of biaryl-
amines in high yields.

The goal of this work was to briefly discuss the syn-
thetic strategy for obtaining polymer-immobilized
clusters and metal nanoparticles, their structure, and
catalytic properties in basic organic synthesis reac-
tions.

1. CLUSTER-CONTAINING POLYMERS
AND THEIR CATALYTIC PROPERTIES

Interest in transition and noble metal clusters is
dictated not only by the wide variety of methods for
ligand—metal binding and ligand configurations on
the cluster surface, but also by the mobility of the
metal frame itself [33, 34]. Due to the diversity of
chemical composition and extremely interesting
structures, polymer-immobilized clusters are poten-
tial components for the synthesis of various polymer
materials with unusual properties. Cluster-containing
polymers are of particular interest not only from the
viewpoint of the fundamental aspects of composition

and structure control and surface models of metal cata-
lysts, but also as selective and highly efficient catalysts
for many organic synthesis reactions. The general
methods for the synthesis of cluster-containing poly-
mers are based on physical or chemical encapsulation of
cluster particles in polymers or (co)polymerization of
cluster-containing monomers [35—39]. Also of interest
are approaches that make it possible to include cluster-
containing fragments in the main chain of a polymer
molecule to form cluster-containing polymers, for exam-
ple, {[{Pt;(L-dppm);}(U-1,4-CNCRNC)][PF¢]}n [40]
and {Rug(Ue-C)(CO),5(Ph,PC,PPh,)}n [41]), includ-
ing bimetallic structures of the [-O(CH,),(n-CsH,)-
{Mo,Ir,(CO),p}(n-CsH,)(CH,),OC(O)NHRNHC(0)—],

type [42]. To obtain cluster-containing monomers,
two main approaches were developed: introduction of
polymerizable ligands into polynuclear complexes
(replacement of intrinsic ligands by analogs with mul-
tiple bonds, their oxidative addition, addition under
mild conditions at M—M multiple bonds, etc.) or
complementation of the corresponding ligands with

Table 1. Selective hydrogenation of cinnamaldehyde to
hydrocinnamaldehyde*

Base Conversion, % TOF, h—! |Selectivity, %
NaOH >99 200 100
K,CO, >99 200 100
K;PO, 100 200 100
NEt3 90 180 88

* Reaction conditions: 1.0 mmol of cinnamaldehyde, 1.0 mmol of
base, 0.5 mol % of catalyst, 12 mL of H,O, 4.92 kg s cm™2 H,,
25°C.

KINETICS AND CATALYSIS  Vol. 61 No.2 2020



POLYMER-IMMOBILIZED CLUSTERS AND METAL NANOPARTICLES IN CATALYSIS

clusters [36, 43, 44]. Carboxylates based on the
Os;(CO),, trinuclear carbonyl clusters and their
0s;(CO);(CH;CN) derivatives (1-H)Os;(CO);o(u-
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OR) (R = H, Ph), as well as the (u-H)Os;(u-
OCNMe,)(CO),PPH,CH,CH=CH, cluster mono-
mer, were synthesized in high yields [45—47]:

0s(CO)4 0s(CO)4
/H _ H
(CO);0s=—=0s(C0O); MMM _((),0s=—=05(CO); .
\ / 80°C, benzene, 14h | |
0 OO
Ph C
CH=CH,

A number of sequential syntheses of Mog-cluster
carboxylates were based on the principle of outer-
spheric substitution [48, 49]:

[(Mo,Cly)Cl "~ —Cheoo
- [(M06C18) (CF3COO)6]27 CH,=CHCOO™
- [(Mo(Cly) (CF,CO0),_, (CH,=CHCO00) T".

Subsequent (co)polymerization of metal-contain-
ing monomers of the given type leads to the formation
of thermally stable cluster-containing polymers with
controlled composition and sequence distribution in
the polymer chain [50—53]. Special studies showed
that copolymerization of cluster-containing mono-
mers is preferable to modification of a functionalized
polymer by cluster molecules [54]. The interaction of
the Co,(CO)y cluster with (co)polymers having dith-
iocarboxylate or thioamide functional groups was
accompanied by the formation of side sulfur-contain-
ing organocobalt compounds or colloidal cobalt sul-
fide, which were difficult to separate from the desired
product. At the same time, copolymers of MMA, sty-
rene, or N-[tris-1,1,1(hydroxymethyl)methyl]acryl-
amide (number average polymer mass A_[n = 6400—
24600) were synthesized with a quantitative yield, high
purity, and strictly defined cluster fragments by copo-
lymerization of monomeric alkylidinetricobalt non-
acarbonyl or sulfidotricobalt heptacarbonyl clusters:

Rl
1 |
E RZ\N7 N
COL2
L3Co<’>C0L3 LZCE)%\
N\

COL3 C0L3
R!= p-C¢H;~CH=CH,; R?>=C¢H,;; L=CO

A multifunctional diblock copolymer containing a
Co¢Seg molecular cluster was obtained by ring-open-
ing metathesis polymerization of the cluster-con-
taining monomer, which is a successful example of
the synthesis of a linear copolymer based on chalco-
genide clusters [55]. The integration of molecular
clusters into block copolymers makes it possible to
create highly organized assemblies from them for
their use in catalysis. The numerous ligand binding
sites on the cluster surface often lead to the formation
of network structures; in some cases, soluble poly-
mers can be obtained, as shown for dendrimer mole-
cules based on RegSeg clusters [56]. Interestingly, the
polymer-immobilized heterometallic clusters
[C10s;Au(CO),o(Ph;P] and [Co,Pt,(CO)4(Ph;P),]
were much more stable than their homogeneous or
SiO,-supported analogs and showed high activity in
olefin hydrogenations [57]. The mixed homogeneous
[Co,Pt,(CO)s(Ph;P),] metal cluster quickly transformed
into the monometallic [Pts(CO)¢(PPh;),] cluster. At
the same time, the use of the polymer analogs of
the (OC)yCo;CC(0)OCH,CH,0C(0)C(CH;)=CH,,
(0C)yCo;CC¢H,4C(O)C(CH;)=CH,, and
(0C)yCo0;CC(H,CH=CH, clusters as catalysts of
hydroformylation showed that the active particles were
the mono- or binuclear cobalt-carbonyl particles [58].

The catalytic activity of the polymer-immobilized
Os; clusters obtained by copolymerization of
(CO);0s;(u-H)(N-4-vinylpyridine) [59] or
[(L-H)Os3(1-OCNMe,)(CO)o{ P(CH,CH=CH,) Ph,}]
[38] with styrene was studied in the oxidation of cyclo-
hexene:

Catalyst S O/

CHHP

where CHHP is cyclohexenyl hydroperoxide, CHone
is cyclohexenone, CHol is cyclohexenol, and ECH is

KINETICS AND CATALYSIS Vol.61 No.2 2020

CHone

CHol ECH

epoxycyclohexene.
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Table 2. Composition of the products of the catalytic oxidation of cyclohexene with molecular O, in the presence of Os;-

containing polymers [59]*

Selectivity, %
Catalyst | [Os], x 10°, g-atom/L Time, min
CHol CHone ECH CHHP
Os3;-PS 1 1.31 65 2.2 2.2 0.03 95.5
Os;-PS 11 8.20 44 7.5 2.3 0.03 89.4
Os;-PS 111 6.52 192 5.0 52.4 0.05 41.8
Os;-PS IV 7.84 204 4.5 51.2 0.05 43.3
Os;-PSV 0.63 57 7.2 16.3 0.2 71.7
Os;-PS VI 0.73 42 12.2 7.3 2.2 77.8
Os;-PS VII 6.13 108 22.1 23.8 1.0 52.2

*[CH]y =11 M, A[O,] = 0.112 M, 50°C. CHHP—cyclohexenyl hydroperoxide; CHone—cyclohexenone; CHol—cyclohexenol; ECH—

epoxycyclohexene.

The kinetic curves of O, absorption during the oxi-
dation of cyclohexene are autocatalytic: the time
within which the reaction rate becomes maximum is
40—108 min and is determined by the specific metal
content (Table 2) [59]. It was shown that the autocat-
alytic nature of the process is due to the accumulation
of hydroperoxide and effective generation of radicals
by the reaction

Os; + nROOH —£—[Os;...nROOH]
—*% 50s;+RO + HO + (n— )ROOH

with the parameters K = 1.86 L/mol and k; = 0.24 s~!
of the kinetic equation

w; = k,K [ROOH]"[Os] / (1+ K [ROOHT").

The Os; copolymers of the given type can easily be
isolated from the reaction medium and used in
repeated cycles without loss of activity, as shown in the
case of the catalytic oxidative dehydrogenation of
2,3,6-trimethyl-1,4-hydroquinone (TMHQ) with for-
mation of 2,3,6-trimethyl-1,4-quinone (TMQ), an
intermediate in the synthesis of oi-tocopherol (vitamin E)
(Fig. 2, Table 3) [38].

The efficiency of the catalytic action of polymer-
immobilized Rh cluster complexes in hydrogenation
was compared with that of conventional heteroge-
neous catalysts using Rh/C as an example (1% Rh),

whose initial ~specific activity is 0.1 moly,

g—atom_Rlh s”' [60]. It was shown that the complexes
under study were equal to the best heterogeneous cat-
alysts in their activity (Fig. 3a). The initial rate of
hydrogenation in the presence of the catalyst based on
Rhy(CO);sCH;CN immobilized on the styrene—
diphenylphosphoallyl copolymers with 4.16% Rh was

low (0.02 moly, g-atomﬁ}1 s_l); subsequently, as the
number of cycles increased, the reaction rate increased

to 0.4 moly, g-atomg,, s~ (Fig. 3b).

The behavior of polymer-immobilized complexes
in other reactions is similar [12] and associated with
the “development” of the catalyst. It was assumed that
cluster fragmentation occurs during hydrogenation,
with highly active particles probably with higher
nuclearity (nanosized particles) formed in low con-
centrations (true catalysts). These conclusions agree
with the data of other studies. For example, it was
shown that the activity of polymer-immobilized
mononuclear Rh complexes increased with the degree
of decarbonylation of Rh and formation of metal sites

including Rhg [61]. Importantly, heterogenization of
metal clusters allows one to isolate and study (e.g., by
XP and IR spectroscopy) some of their catalytically
active intermediates.

2. POLYMER-IMMOBILIZED METAL
NANOPARTICLES

Immobilization of metal nanoparticles on the sur-
face of solid supports is of interest not only from the
viewpoint of studies of the relationship between the
composition, structure, and properties of the metal
nanoparticle—polymer catalyst system, nature of
interaction, and specific role of macroligand in catal-
ysis by heterogenized metal complexes and cluster
particles, but also from the viewpoint of application of
catalysts of this type. In practice, polymer supports of
two main groups are used most often [12]. The first
group are rigidly cross-linked microporous resins with
alarge specific surface area. The ligand groups of these
resins are localized mainly on the surface and can con-
tact with the components of the reaction medium. The
second group consists of linear or weakly cross-linked
reticular microporous polymers or their composites.
They dissolve or swell in solvents; the catalytic active
sites are located not only on the surface of the poly-
mer, but also in its volume. The metal clusters can be
immobilized due to the electrostatic attraction forces
between the charged nanoclusters and the ionic
KINETICS AND CATALYSIS  Vol. 61
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(CO)y{P(CH,CH=CH,)Ph,}/styrene and (b) scheme of the catalytic oxidative dehydrogenation of TMHQ. The quantitative
parameters of the reaction in the presence of polymer-immobilized Os; nanoparticles are given in Table 3.

groups of support via the formation of strong cova-
lently bound or chelate complexes and during inter-
molecular interactions of various types [62].

Increased interest in metal nanoparticles stabilized
with water-soluble polymers is dictated by the ability
to control the growth kinetics and the nanoparticle
size and distribution, which ultimately determines
their catalytic, magnetic, electrical, optical, optoelec-
tronic, biomedical, and other properties [63—69].

Among methods for the production of metal
nanoparticles, the reduction of metal ions in water,
organic solvents, and aqueous organic solutions in the
presence of functional polymers and surfactants as
reducers and stabilizers is widely used [70—76]. The
metal ions adsorbed into multilayer polyelectrolytes,
dendrimers, block copolymers, microgels, liposomes,
polymer particles, and films or hydrogels that can be
retained in solution due to the functional groups of the
hydrophilic structure can easily be reduced to the cor-
responding metal nanoparticles, clusters, or metal
oxides using suitable reducing agents such as NaBH,,
AlBH,, H,, NH,NH,, citrate, etc. [77, 78].

The metal nanoparticles are stabilized with poly-
mers in two different ways: physical (processes caused
by van der Waals forces, dipole interactions, or weak,

Table 3. Catalytic oxidative dehydrogenation of TMHQ in
the presence of the Os;-PPh,-allyl/styrene copolymer

Initial reaction rate, Specific activity,
Cycle V(L h 1.1
mol/(L h) mol g-atomg h
1 0.32+0.02 188
2 0.31 £0.02 182
3 0.30 £0.02 177
4 0,30 £0.02 177
5 0.29 £0.02 177

Reaction conditions: 7.4 x 107> M of catalyst ([Os] = 1.71%),
66 M of substrate, 10 mL of the mixture of water : methanol =1: 1,
50°C.

KINETICS AND CATALYSIS Vol.61 No.2 2020

easily destroyed hydrogen bonds) or chemical adsorp-
tion [65]. The noncovalent interaction of nanoparti-
cles with a macromolecule is rather weak (of the order
of 10~*J/m?); the efficiency of chemisorption is deter-
mined by the number of polar groups of the adsorbed
polymer per unit surface regardless of the conforma-
tion of the macromolecules (expanded or globular).
Importantly, the polymer should contain certain func-
tional groups, which actively interact with the surface
atoms of the nanoparticle, for example, as electron
donors [71]. The efficiency of polymers as electron
donors increases significantly if they contain centers
of specific contacts acting simultaneously by the
mechanism of charge and steric stabilization. Stable
colloidal solutions of gold were synthesized in situ by
the reduction of HAuCl, in the presence of water-sol-
uble polymers [79]. The most stable colloids were
obtained with participation of polymers having hydro-
phobic ridges and hydrophilic side groups associated
with gold ions.

The reduction of gold and silver was performed in
one stage by boiling a mixture of HAuCl, (or AgNO>)
and polymers in the presence of KOH [80—87]. The
following synthetic hydrophilic polymers were used as
polymers that played the role of both stabilizers and
reducing agents: poly-N-vinylpyrrolidone (PVPD),
polyethylene glycol (PEG), polyethyleneimine (PEI),
poly-N,N-dimethyl- NV, N-diallylammonium chloride
(PDMDAAC), poly-N-vinylbenzyl-N,N,N-trimeth-
ylammonium chloride (PVBTMAC), cationic polye-
lectrolyte JR-400, polyacrylic acid (PAA), natural
polysaccharide gellan, and B-cyclodextrin (CD). The
silver nanoparticles stabilized with PEG, PVPD, and
CD were also obtained by the “dry” (mechanochemi-
cal activation) [88, 89] and “wet” (in ethanol, dimeth-
ylformamide, and dimethyl sulfoxide) methods [82].
The rate of formation of gold nanoparticles (NPs)
during the heating in the presence of PEI, PDM-
DAAC, and CD was studied in [80]. It was found that
in the presence of hydrophilic polymers, it changed in
the sequence PDMDAAC > PEI > PVPD > JR-400.
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Fig. 3. (a) Hydrogen absorption curves during the hydrogenation of cyclohexene in the presence of the catalysts: (/) Rh/C, (2)
copolymer of styrene with Rhg(CO)4(4-VPy),, (3) Rhg(CO);5CH3;CN immobilized on a styrene—diphenylphosphoallyl copo-
lymer (4.16% Rh), and (4) copolymer of styrene with Rh(CO);5(4-VPy). Conditions: 7= 40°C, Py, = 1 atm, isopropanol sol-

vent, 3.9 X 1073 g-atom of Rh in the catalyst, 4.5 mmol of substrate. (b) Hydrogen absorption curves in five successive cycles of
hydrogenation of cyclohexene in the presence of Rhg(CO);5CH;CN immobilized on the styrene—diphenylphosphoallyl copoly-

mer (4.16% Rh). Conditions: 7= 40°C, Py, = 1 atm, isopropanol solvent, 3.9 X 107> g-atom of Rh in the catalyst, 6.5 mmol of

substrate. The curve number coincides with the cycle number.

There is no information in the literature on the
effect of the molecular mass of the polymer on the size
of NPs. Table 4 presents the results of measurements
of the sizes of gold and silver NPs stabilized with
PVPD of different molecular masses using dynamic
laser light scattering (DLS) [82, 86]. According to the
data of Table 4, the size of gold NPs increases with the
molecular mass of the polymers.

The surface charge of gold NPs stabilized with
PVPD is negative, —2.03 mV, while the surface charges
of gold NPs stabilized with cationic polyelectrolytes
(PEI and JR-400) are positive, +31.1 and +4.39 mV,
respectively. The zeta potentials of silver NPs obtained
in the presence of PVPD and CD are positive in
DMSO and negative in DMF [82]. These results indi-
cate that chemisorption of the nonionic and cationic
type of macromolecules occurred on the surface of
negatively charged gold NPs.

The Japanese scientists studied the colloidal cata-
lysts [90—95]. When the Rh, Pd, Os, Ir, and Pt salts
interacted in polyvinyl alcohol in water—methanol
solutions, colloids with average Os, Ir, Pt, Rh, and Pd
particle sizes of 1.0, 1.4, 2.7, 4.0, and 5.3 nm, respec-
tively, formed [93]. The authors suggested a three-
stage scheme for the formation of a colloidal disper-
sion: polymer coordination with metal ions, metal
reduction with methanol to form small particles (for
example, 0.8 nm for Rh) and their further enlargement
(up to 4.0 nm). It was shown that Rh, Pd, Os, and Pt
colloids are active and selective catalysts for hydroge-
nation of olefins at 30°C and atmospheric pressure of
hydrogen. The PVPD-stabilized Au nanoclusters are

effective catalysts for oxidations [96]. In the aerobic
oxidative homo-coupling of potassium aryl trifluorob-
orate, the catalytic activity of Au/PVPD depends on
the cluster size [97]. Au nanoclusters with an average
diameter of d,, = 1.3 £ 0.3 nm were highly active in
homo-coupling, while the Au:PVP system (d,, = 9.5 =
1.0 nm) was catalytically inactive in the reaction under
study. It is believed that the active sites of the catalyst
are positively charged groups on the surface of the Au
nanocluster, generated during the adsorption of
molecular oxygen. High chemoselectivity in the
hydrogenation of o,p-unsaturated aldehydes and
ketones is exhibited by bimetallic Ag—Au/PVPD,
which catalyze the reduction of the C=0 bond more
effectively than the addition at the C=C bond [98].
Optimization of the reaction according to the
PVPD/metal ratio to ensure effective stabilization and
according to the Ag/Au molar ratio, which allows a
combination of the high chemoselectivity of Au action
with Ag activity, makes it possible to significantly
increase the selectivity of formation of allyl alcohols.

Table 4. Variation of the size of gold and silver NPs
depending on the molecular mass of PVPD

Molecular mass of PVPD, | Size of gold | Size of silver
M, % 1073, Da NPs, nm NPs, nm
10 ~10 ~6.5
40 ~15 ~12
350 ~25 ~44
KINETICS AND CATALYSIS Vol. 61 No. 2 2020
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Fig. 4. Micrographs of the (a) P2VP-Pd complex reduced with hydrogen and (b) the complex after hydrogenation of 30 portions

of 2-propen-1-ol in water at 25°C.

It is noteworthy that many studies were performed,
especially in the last decade, on the synthesis of metal
nanoparticles encapsulated in dendrimers that exhib-
ited catalytic activity in various organic syntheses,
including hydrogenation of numerous model com-
pounds [99—107].

The interactions of solutions of linear polymers
with transition metal salts can also give heterogeneous
catalysts with a uniform distribution of spherical
nanoparticles of 4—6 nm located throughout the poly-
mer matrix (Fig. 4a). Such catalytic systems were stud-
ied in the hydrogenation of 2-propen-1-ol [108—111].
According to the XPS data, the reduction of the Pd
complex with poly-2-vinylpyridine (P2VP) under the
conditions of catalysis (in ethanol or water at 20—
30°C) forms particles of a zero-valent metal [108].

The particles are enlarged after hydrogenation
(Fig. 4b). Howeyver, closer examination of the reduced
and spent catalysts shows that they are agglomerates of
smaller starting NPs with sizes of 4—6 nm. It can be
assumed that under conditions of liquid-phase hydro-
genation, the polymer-metal complexes (PMCs)
swell, increasing in size, and the metal particles encap-
sulated in them become available for activation of
unsaturated organic compounds. After drying, the
samples again shrink and are combined into larger
aggregates due to the hydrophobic interactions of the
polymer chain segments. Reuse of systems in catalysis
does not lead to a decrease in their activity. Moreover,
the reaction rate noticeably increases on the “devel-
oped” P2VP—Pd complex in some cases [108]. This is
probably due to the fact that in the reaction medium,
the PMC swells again, and the intermolecular hydro-
phobic interactions are weakened.

To reduce the effect of the diffusion factor, it seems
promising to create the catalysts obtained by immobi-
lization of the polymer—metal complexes on solid
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inorganic supports. In this case, both the technologi-
cal parameters of heterogeneous catalysts (ease of sep-
aration from the reaction products and the possibility
of regeneration and repeated use) and the activity
inherent in homogeneous systems are preserved due to
the formation of metal complexes with polymer
ligands on the support surface, due to which the rela-
tive mobility active centers in the reaction medium is
maintained.

Polyvinylpyrrolidone is actively used as a stabilizer
of nanoparticles, including the case when they are
deposited on oxides for the synthesis of catalysts [ 112—
114]. The catalysts proposed by the authors were pre-
pared by fixing the polymer-protected nanoparticles
on a support, followed by the usual stages of high-tem-
perature calcination and reduction, which led to a
destruction of the polymer shell, with the metal
nanoparticles preserved on the support. Thus, poly-
mer-protected platinum nanoparticles were intro-
duced by the capillary method into the mesoporous
channels of the SBA-15 silica gel with a pore size of
9 nm [114]. Subsequent ultrasonic treatment allows
localization of Pt nanoparticles mainly in the pores of
silica gel (Fig. 5).

After the oxidizing and reducing treatment of the
catalysts to remove the polymer stabilizer surrounding
the nanoparticles, it is possible to form catalysts with
different sizes of the active phase [112]. The resulting
systems were studied in the hydrogenation of ethylene
and cyclohexene. It was found that the particle sizes of
the metals fixed on silica gel affect the selectivity of
hydrogenation of cyclohexane and ethylene. However,
the character of this dependence is rather complex and
requires additional studies. At the same time, the
authors believe are confident that using the developed
approaches to the creation of catalysts, it is possible to
regulate the sizes of nanoparticles fixed on a support and
hence to selectively change their catalytic properties.
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1.00%Pt(3.6 nm)/SBA-15

Pt(3.6 nm)-PVPD

Fig. 5. Monodispersed platinum nanoparticles encapsulated in the channels of the mesoporous SBA-15 silica gel. The particle
sizes change, while the total Pt content in the catalyst remains 1% [113, 114].

A similar approach was used to prepare catalysts hydrogen at high temperatures [100]. The dendrimer
based on dendrimer metal complexes, which were shell was burnt out, and a uniform layer of platinum
deposited on silica, calcinated, and reduced with nanoparticles formed on the support surface (Scheme 1):

, % % , AMAM dendrimer-
K%_ 3 —%— _%\ encapsulated
|| 1 rrrrrrrrrrnriri

nanoparticles
1 LI

PAMAM dendrimer- -
. Activation
encapsulated nanoparticles (A, 0y, Hy)
in solution
Nanocatalyst
® ) obtained in the

I\n\[\ L ® _.\ presence of the
FrTrrrrrrrrrrrrrrTrioTT T nanocatalyst

Scheme 1. Dendrimer template path of nanocatalyst formation.

The catalytic systems prepared in this way showed reactions of aryl and vinylboronic acids with aryl or
high activity in toluene hydrogenation and CO oxi- vinyl halides [115—118]. Palladium nanoparticles (d =
dation. 3.5 £ 1.5 nm) stabilized with poly(4-styrenesulfonic

acid—co-maleic acid) (PSSA-co-MA) exhibit high

The polymer-immobilized Pd nanoparticles were  catalytic activity in the reaction of p-bromoacetophe-
actively studied in Suzuki—Miyaura cross-coupling none or iodobenzene with phenylboronic acid with
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TOFs equal to 1980 and 5940 h~!, respectively [118].
Note that Pd/PSSA-co-MA and Ru/PSSA-co-MA
synthesized in situ during the hydrolysis of ammo-
nium borane (NH;BH;) are effective catalysts for the
hydrolytic dehydrogenation of NH;BH,;, which is
considered as a promising material for hydrogen stor-
age and production [117]. Similar properties are exhib-
ited in this reaction by Ni nanoparticles stabilized with
N-polyvinylpyrrolidone [119]. The polymer-immobi-
lized catalyst showed good reproducibility without loss
of activity in five cycles, which was explained by the
absence of aggregation of metal particles due to the
presence of a polymer matrix.

3. GEL-IMMOBILIZED CATALYSTS

In recent years, the joint efforts of chemists, phys-
icists, and materials scientists have created various
types of nanosized structures with metal nanoparticles
in combination with functional polymers included in
the building units. Nonionic, anionic, cationic, and
amphoteric nano-, micro-, and macroporous hydro-
gels are promising polymer matrices for immobiliza-
tion of metal nanoparticles, but they are still insuffi-
ciently studied [120]. The spatially cross-linked
(three-dimensional) macromolecules containing vari-
ous functional groups can change in size, shape, and
morphology continuously or collapse when the exter-
nal factors (temperature, pH of medium, ionic
strength of solution, mixture of aqueous and organic
solvents) are varied. This, in turn, allows subtle control
of the structure, properties, and architecture of the
nanoparticles immobilized in the hydrogel matrix. In
addition, the hydrogel matrix can serve as some kind
of a “microreactor” with which it is possible to per-
form exchange, redox, catalytic, and other types of
reactions.

Recently, various types of polymer-immobilized
nanocatalysts having high selectivity and stability of
action have been obtained from hydro- and cryogels
and noble metals. Immobilization of metal nanoparti-
cles stabilized with water-soluble polymers in the
matrix of hydro- and cryogels is of great interest from
the viewpoint of creating the catalytic systems that
simulate the action of metal enzymes and heteroge-
nized homogeneous catalysts capable of accelerating
the decomposition, hydrogenation, oxidation, isom-
erization, and other reactions.

The need to stabilize and immobilize metal
nanoparticles in the hydrogel matrix is dictated by the
fact that the nanoparticles having a large amount of
excess surface energy can often be instantly passivated
due to adsorption or coagulation.
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3.1. Catalysts Based on the Metal Nanoparticles
Immobilized in the Hydrogel Matrix

The hydrogels containing polymer-protected metal
nanoparticles are complex systems with coiled linear
macromolecules and metal nanoparticles lying in their
pores and interstitial space. The linear macromole-
cules play the role of stabilizers that prevent the aggre-
gation of active metal nanoparticles; the role of the
hydrogel matrix is to limit the diffusion of the poly-
mer-protected nanoparticles inside and outside the
network.

The polymer-protected gold, silver, and palladium
nanoparticles can be immobilized into the matrix of
stimulus-sensitive hydrogels in two ways (Fig. 6)
[121—130]. In the first case, the preliminarily dried
polyacrylamide gel (PAAG) samples swollen in an
aqueous solution of aurichlorohydric and tetrachloro-
palladic acid or silver nitrate are reduced with a
sodium borohydride solution (Fig. 7).

In the second case, the monomer, crosslinking
agent, and initiator previously dissolved in colloidal
metal solutions are polymerized at 70°C for 30 min.
The hydrogel samples containing the polymer-stabi-
lized metal nanoparticles are homogeneous and have a
characteristic color corresponding to the polymer-
protected metal nanoparticles (Fig. 8). The average
sizes of metal nanoparticles determined by SEM are
presented in Table 5.

According to Table 5, the average sizes of metal
nanoparticles stabilized with hydrophilic polymers are
10—60 nm, while the sizes of gold particles formed in the
PAAG matrix by preliminary adsorption of HAuCl, and
subsequent reduction of NaBH, are within 100 nm
(Fig. 9). These data indicate that the metal nanoparti-
cles stabilized with hydrophilic polymers have a narrower
size distribution than those immobilized into the PAG
matrix by adsorption and reduction.

The poly(N-isopropylacrylamide) hydrogel (PNI-
PAAMH) samples with polymer-protected palladium
(PVPD—Pd°% immobilized in its matrix (PNIPA-
AMH/PVPD—Pd°) have a pronounced heat sensitiv-
ity in the range 25—40°C [131]. When the temperature
rises to 40°C, the hydrogel is compressed and immo-
bilized polymer-protected palladium PVPD—Pd° is
released into the medium; this is accompanied by tur-
bidity of the aqueous solution surrounding the hydro-
gel (Fig. 10). As the temperature decreases to 25°C,
the sample swells, and the aqueous solution surround-
ing the hydrogel becomes transparent due to the
absorption of PVPD—Pd® by the hydrogel matrix.

The catalytic activity of PNIPAAMH/PVPD—Pd’
was studied in the hydrogenation of 2-propen-1-ol
[127]. As expected, the reaction rate increases sharply
with temperature due to the exit of the catalytically
active PVPD—Pd’ phase from the hydrogel matrix into
the surrounding solution (Fig. 11). In contrast, a
decrease in the temperature leads to a rapid decrease
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Fig. 6. Scheme of immobilization of metal nanoparticles in the PAAG matrix.

Fig. 7. Reduction of HAuCl, with a NaBH, solution in PAAG: (a) PAAG (1A, 1B) and PAAG/PEI (2A, 2B) samples dried
(1A, 2A) and swollen in an HAuCly, solution (1B, 2B); (b) PAAG (1D) and PAAG/PEI (2D) samples treated with the NaBH,

solution for 30 min (1D, 2D). [HAuCl,]

in the rate of substrate hydrogenation as a result of the
absorption of PVPD—Pd’ by the hydrogel matrix. The
sharp acceleration or deceleration of the catalytic reac-
tion with a periodic change in temperature is
explained by the fact that at 7= 25°C, which is lower
than the LCDT (lower critical dissolution tempera-
ture), PNIPAAMH is in an equilibrium-swollen state,
and the exit of the PVPD—Pd° catalyst to the sur-
rounding solution is minimum (the net pores are
closed). At T=40°C, which is higher than the LCDT,
PNIPAAMH is abruptly contracted (collapses), and
the active sites cooperatively diffuse from the hydrogel

= 0.5 mmol/L; [NaBH,]

=0.1 M.

into the surrounding solution (the net pores are open).
Thus, a cyclic change in the temperature above or
below the LCDT results in compression or swelling of
PNIPAAMH (Fig. 12), which makes it possible to
dose the homogeneous catalyst into the surrounding
solution and thereby control the rate of the catalytic
reaction.

The gel-immobilized gold NPs were studied in the
decomposition of hydrogen peroxide and the oxida-
tion of cyclohexane with hydrogen peroxide [129,
130]. The kinetics of the decomposition of hydrogen
peroxide on gel-immobilized gold NPs obtained by
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Fig. 8. PAAG samples containing (a) silver, (b) gold, and (c) palladium nanoparticles.

Fig. 9. SEM micrographs of the PAAG/PVPD—Pd0 sample [126].

three methods in the presence of various stabilizing
polymers is shown in Fig. 13. The PEI-protected and
gel-immobilized gold NPs obtained by sorption were
most active in the decomposition of hydrogen perox-
ide (curve I, Fig. 13). The effects of various factors
(catalyst mass, reaction temperature, and substrate
concentration) on the kinetics of hydrogen peroxide
decomposition were studied on this catalyst.

A study of the oxidation of cyclohexane (CH) with
hydrogen peroxide in the presence of gel-immobilized
gold NPs showed rather high selectivity of this system
for the formation of a mixture of cyclohexanol (CHol)
and cyclohexanone (CHone) (Table 6) [130]. The
conversion of cyclohexane did not exceed 7%.

Table 5. Average sizes of metal nanoparticles stabilized with
hydrophilic polymers and immobilized in the PAAG matrix

System PVPD-Pd(0)| PEI-Pd(0) | PEI-Au(0)
Nanoparticle size, 60 10 10—-50
nm

KINETICS AND CATALYSIS Vol.61 No.2 2020

Thus, the PEI-protected and gel-immobilized gold
NPs obtained by sorption showed the highest catalytic
activity in the decomposition of hydrogen peroxide
and oxidation of cyclohexane with hydrogen peroxide.
Note that, all other conditions being equal, the cata-
Iytic activity of gel-immobilized gold NPs is lower
than that of NPs heterogenized by depositing the poly-
mer-protected gold NPs on inorganic supports. This is
probably due to the low stability of gel-immobilized
NPs because of the destruction of the polymer net
under the action of the hydrogen peroxide oxidant.

3.2. Catalysts Based on Macroporous Cryogels
with Immobilized Metal Nanoparticles

Among the large number of polymer materials,
macroporous cryogels occupy a special place. They
are widely used in catalysis, biotechnology, biomedi-
cine, bioseparation, and other fields of engineering
and technology [132].

Systematic studies on the preparation of cryogel-
immobilized metal nanoparticles and their use as catalytic
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Fig. 10. Change in the size of the PNIPAAMG/PVPD—PdO sample at 25 and 40°C; d, and dyare the sizes of the swollen and col-

lapsed gel sample, respectively.

systems were performed by the authors of [133—140].
These systems are regarded as some kind of microreactors.

The polyacrylamide (PAA) cryogel was modified
with hydroxylamine according to Scheme 2 [140].

Scheme 2. Chemical modification of the PAA cryogel.

As a result, amido-PAA cryogel containing the
functional groups of hydroxamic acids, which enable it
to bind metal ions by the electrostatic mechanism, was
prepared. After the reduction of metal ions (Co, Ni,
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Cu) with sodium borohydride in situ, copper, cobalt,
and nickel nanoparticles immobilized in the cryogel
matrix were obtained (Scheme 3).

Scheme 3. In situ formation of copper nanoparticles in the matrix of the macroporous amido-PAA cryogel [140].

Subsequently, these nanocomposites were used as
catalysts in the reduction of 2-nitrophenol (2-NPh). It
was found that the composites based on copper
nanoparticles had the highest catalytic activity.

The results of the use of a macroporous amphoteric
cryogel based on methacrylic acid (MAA) and N,N-
dimethylaminoethyl methacrylate (DMAEM) cross-
linked with immobilized gold nanoparticles
(DMAEM-MAA/GNPs) by methylene bisacryl-

amide (MBAA) as a catalyst of the reduction of
4-nitrophenol (4-NPh) and a flow-type catalytic
reactor (Fig. 14) were presented in [141—143]. It was
shown that all cryogel nanosystems exhibited high cat-
alytic activity at room temperature and atmospheric
pressure [141]. Thus, the substrate conversion on non-
ionic, anionic, and cationic cryogel supports after
hydrogenation of the tenth portion of 4-NPh was over
90%. The highest catalytic activity was shown by gold
No. 2 2020
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Fig. 11. Temperature dependence of the catalytic activity
of PNIPAAG/PVPD- Pd% in the hydrogenation of 2-pro-
pen-1-ol in several cycles.

nanoparticles immobilized into the amphoteric cryo-
gel matrix (Table 7).

The following thermodynamic parameters of hydro-
genation of 4-NPh were obtained on the most active
MAA-DMAEM/Au cryogel catalyst: E, =7.52 k] mol~!,
AH,=4.91kJ mol~!, and AS, = 284.34J mol~! K~!. The
authors of [144—148] studied the hydrogenation of
para-nitrobenzoic acid (PNBA) on the stationary
phase of macroporous cryogel (DMAEM-MAA) con-
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Fig. 12. Cychc change in the size of the PNIPAAG/
PVPD-Pd" net depending on the temperature.

taining gold and palladium nanoparticles at room
temperature and atmospheric pressure.

When PNAA is hydrogenated on the DMAEM-
MAA/Au catalyst, two by-products form in addition
to para-aminobenzoic acid (PABA). One of them is
para-azodibenzoate—the product of condensation of
the nitroso compound with hydroxylamine. Its forma-
tion was confirmed by Raman spectroscopy, whose
results are in satisfactory agreement with the data of
[149] on the photoreduction of PNBA with silver
nanoparticles (Scheme 4).

NHOH

Scheme 4. Mechanism of formation of para-azodibenzoate according to [148].

Another product of the conversion of PNAA is
sodium 4-(4-aminobenzamido)benzoate, which
results from the condensation of the terminal carboxyl

COONa

*N<

H, NaOOC

and amine groups of PNAA catalyzed by gold
nanoparticles (Scheme 5).

0
NaOH NaOOC ON—%ONHz

HZO

@’

Scheme 5. Mechanism of formation of sodium 4-(4-aminobenzamido)benzoate according to [149].
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Fig. 13. Decomposition of hydrogen peroxide by gel-
immobilized gold nanoparticles obtained by various meth-
ods: sorption, (/) PEI and (2) PVP stabilizers; in situ
method, (4) PEI and (5) PVPD stabilizers; and (3) boro-
hydride method without a stabilizer.

The condensation polymerization of the alkylated
derivatives of PNAA, leading to the formation of alkyl-
aminobenzamidobenzoates, was reported in [150].

Thus, the products of PNAA hydrogenation on the
DMAEM-MAA/Au cryogel catalyst are its amino,
azo, and amide derivatives.

In the case of PNBA hydrogenation on the
DMAEM-MAA/Pd palladium-cryogel catalyst, there
were no by-products. The conversion of PNAA into
PABA was 40% at a ratio of [PNAA] : [NaBH,| =1 :
50 mol/mol, 84% at [PNAA] : [NaBH,] = 1 : 100 mol/mol,
and 100% for [PNAA] : [NaBH,4] = 1 : 200 mol/mol.

4. CATALYSTS BASED ON POLYMER-
PROTECTED METAL NANOPARTICLES
ON INORGANIC SUPPORTS

The development of nanocatalysts obtained by
immobilizing polymer-protected metal nanoparticles
on solid inorganic supports (Fig. 15) is a promising
area of research. When metal nanoparticles are depos-
ited on inorganic supports, both the technological
parameters of heterogeneous catalysts (ease of separa-
tion from reaction products, possibility of regenera-
tion and reuse) and the activity of homogeneous sys-

DZHARDIMALIEVA et al.

tems are preserved due to the formation of metal
nanoparticles on the support surface, which allows the
relative mobility of active sites to be preserved in the
reaction medium.

As is known [69, 151—153], on inorganic supports,
in particular, on oxides, macromolecules are adsorbed
almost irreversibly due to the cooperative interactions
of the polymer chain segments with the support, pre-
venting the leaching of the active phase, which is a
solution to one of the most complex problems of sup-
ported complexes.

To increase the selectivity of hydrogenation of
acetylene compounds, it was proposed that palla-
dium-containing micellar polymer metal complexes
be used as catalysts [154, 155]. The catalytic activity of
micellar catalysts based on Pd and Pd—Au supported
on a polystyrene-poly-4-vinylpyridine matrix and
deposited on y-Al,O; in the hydrogenation of dehy-
drolinalool (2,6-dimethyloctaen-6-yn-1-0l-3) into
linalool (2,6-dimethyloctadien-1,6-0l-3) was studied in
[155]. The reaction performed in the diffuse region pro-
vides the highest selectivity of the process, but the data on
the conditions of hydrogenation were not given.

E.M. Sulman et al. used the Pd/Al,O; catalyst in
the hydrogenation of complex acetylene alcohols with
addition of KOH and pyridine [156, 157]. However,
the catalyzed reactions often had low yields of the
desired products because of their contamination with
the modifying compounds such as pyridine, quino-
line, metal salts, etc. Therefore, later this process was
performed in the presence of palladium and rhodium
catalysts modified with nitrogen-containing polymers
on alumina [158—162]. In this case, high yields of ole-
fin compounds were achieved. According to electron
microscopy data, metal nanoparticles with sizes of 2—
3 nm formed on the alumina surface.

A simple method of fixing a thin layer of PMC on
the surface of inorganic sorbents (natural and syn-
thetic zeolites, metal oxides) was proposed in [163].
The preparation of the catalysts involves sequential
deposition (adsorption) of the polymer and then metal
ions on the surface of the inorganic oxide.

A distinction of the method is excluded stages of
high-temperature calcination and reduction of cata-
lysts. During the hydrogenation of a wide range of
unsaturated compounds [164—166] at temperatures of
up to 40°C, these systems exhibit high activity, selec-
tivity, and stability upon repeated use. The polymer-

Table 6. Oxidation of cyclohexane with hydrogen peroxide on PEI-protected and gel-immobilized nanocatalysts—gold

nanoparticles at 45°C [130]

CH conversion,

Selectivity, %

Catalyst

% CHol CHone |other oxygen-containing compounds
Gold NPs stabilized with PEI and 7.2 53.0 44.7 2.3
immobilized in the PAA hydrogel matrix|
KINETICS AND CATALYSIS  Vol. 61 No. 2 2020



POLYMER-IMMOBILIZED CLUSTERS AND METAL NANOPARTICLES IN CATALYSIS

APS + TMED
J—
—12°C

DEAEMA + DEAEMA-MAA
+ MAA + MBAA cryogel
NaBH,

213

DEAEMA-MAA/NPs(Au)
cryogel

Fig. 14. Diagram of a flow-type catalytic reactor based on the DEAEMA-MAA/NP(Au) cryogel.

metal composite (complex) formed on the surface of
the solid support retains its flexibility and mobility and
is not washed out during catalysis because of the coop-
erative interactions of the functional groups of macro-
molecules with solid inorganic oxides. With an ade-
quate choice of solvent, the swollen surface layer is a
three-dimensional microreactor, with the catalytic
process occurring inside this reactor and on its surface,
as in the case of hydrogels.

The developed catalysts were tested in the hydroge-
nation of complex acetylene compounds such as
3,7,11-trimethyldodecyn-1-0l-3 (C,;5 acetylene alco-
hol), 3,7,11,15-tetramethylhexadecyn-1-0l-3 (C,,
acetylene alcohol), 9-hexadecyn-1-ol, and 11-hexa-
decyn-1-ol [167, 168]. For example, the results of
comparison of the conventional 1%Pd/ZnO catalyst
prepared by the adsorption method with a PEG-con-
taining sample in the hydrogenation of C,, acetylene
alcohol also showed that the latter had significant
advantages according to the three main parameters
(activity, selectivity, and stability; Table 8). The rate of
formation and the yield of 3,7,11,15-tetramethylhexa-

decen-1-0l-3 on the polymer-modified catalyst was
higher than on the conventional Pd/ZnO system. The
selectivity for the desired product on it increased by
11.2%, and TON increased threefold compared with
that of the sample without PEG. The TOF of 670 h™!
on the polymer-containing catalyst indicates that the
conversion of acetylene alcohol reached 86% within
5 min.

It was found that hydrogen is attached both at the
triple and double bonds regardless of the nature of cat-
alysts in C;5 and C,, acetylene alcohols. During the
reduction of 9- and 11-hexadecyn-1-ols, the process
slowed down abruptly after the absorption of the first
mole of hydrogen. The selectivity for the olefin deriv-
ative reached 99% on almost all the catalysts.

According to the XPS data, palladium in 1%Pd-
PEG/ZnO is in the oxidized state (Pd*") with a bind-
ing energy of Pd3d;, of ~337 eV (Fig. 16a). The treat-
ment of the catalysts with hydrogen in a reactor at
40°C leads to a complete reduction of palladium to a
zero-valence state. The Pd3ds, XPS spectrum con-
tains a peak corresponding to the binding energy of

Table 7. Effect of the macroporous cryogels on the conversion of 4-NPh

Cryogels

Poly(acrylamide)
Poly(acrylamide-co-methacrylic acid)
Poly(acrylamide-co- N, N-dimethylaminoethyl methacrylate)

Poly(methacrylic acid-co-N, N-dimethylaminoethyl methacrylate)

Nature of cryogel Conversion, %
Nonionic 93
Anionic 91
Cationic 92
Amphoteric 98

KINETICS AND CATALYSIS Vol.61 No.2 2020
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Fig. 15. Scheme of immobilization of polymer-protected metal nanoparticles on solid inorganic supports.

palladium in the zero-valence state (~335.2 eV)
(Fig. 16b). A similar picture was observed for the
1%Pd/ZnO catalyst.

The introduction of the polymer into the catalyst
significantly affects the particle size of the active phase
and their distribution over the support surface. In the
1%Pd/Zn0O sample, metal particles with sizes of 30—
50 nm form on zinc oxide (Fig. 17a). The palladium
catalyst prepared with participation of PEG is charac-
terized by the formation of uniformly localized small
metal particles with sizes of 2—3 nm (Fig. 17b), which
is clearly seen on micrographs with higher amplifica-
tion (Fig. 17¢). The particles are distributed uniformly
probably due to the presence of a polymer film on the
support surface, which prevents their aggregation. Thus,
according to transmission electron microscopy, ZnO is
represented by clearly faceted crystallites (Fig. 18a).
When it is treated with polyethylene glycol, a transpar-
ent polymer layer forms on its surface (Fig. 18b).

Thus, the activity, selectivity, and stability of the
PEG-modified Pd/ZnO catalyst are higher than those
of the catalyst prepared without PEG. Polymer treat-
ment has the greatest effect on stability (TON), which
increases two- to fourfold.

The developed catalysts are actually heterogeneous
and can easily be separated from the reaction prod-

ucts. Due to the flexibility, mobility, and swelling abil-
ity of the polymer chains of supported polymer—metal
compounds, the relative mobility of active site is pre-
served in the reaction medium. The functions of the
polymers are to form and fix metal nanoparticles on
the support surface, prevent their agglomeration
during catalysis, and increase the stability of active
sites. The resulting catalysts showed high activity,
selectivity, and stability in hydrogenations of complex
acetylene alcohols to olefin derivatives under mild
conditions.

Similar tendencies were found in the case of
PVPD-stabilized gold nanocatalysts on aluminum
and zinc oxides (Fig. 19) [81, 82, 85, 86]. The catalytic
activity of polymer-stabilized gold and silver nanopar-
ticles deposited on metal oxides in the decomposition
of hydrogen peroxide was studied, and the optimum
conditions were found: catalyst mass m_, = 30 mg,
substrate concentration [H,0,] = 30%, and tempera-
ture 7= 318 K (Fig. 20) [86]. The catalytic activity of
polymer-stabilized gold nanoparticles deposited on
zinc oxide in the oxidation of cyclohexane with hydro-
gen peroxide was reported in [169]. The results showed
that on Au-PVPD/ZnO, cyclohexane is oxidized to
cyclohexanol and cyclohexanone with higher conver-

Table 8. Results of hydrogenation of acetylene compounds on 1%Pd-PEG/ZnO and 1%Pd/ZnO*

Acetylene alcohol W x 107, mol/s Sc=c TON TOF, h™!
Pd/ZnO
3,7,11,15-tetramethylhexadecyn-1-0l-3 9.7 76.5 ‘ 5100 160
1%Pd-PEG/ZnO
3,7,11,15-tetramethylhexadecyn-1-ol-3 16.3 87.7 15400 670
11-Hexadecyn-1-ol 16.3 99.1 7600 400
9-Hexadecyn-1-ol 12.1 99.7 4000 240

* Experimental conditions: 7= 40°C; P = 1 atm; m, = 0.05 g; C,HsOH solvent. Wand Sc—c—rate and selectivity of product forma-

tion, respectively.
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Fig. 16. Pt3d; /2 XP spectrum (a) before and (b) after reduction with 1%Pd-PEG/ZnO.

Fig. 17. TEM micrographs of the (a) 1%Pd/ZnO and (b, ¢) 1%Pd-PEG/ZnO catalysts.

sion compared to that on Au-PAA/ZnO and Au-
PEI/ZnO (Table 9).

Thus, polymer-protected gold nanoparticles heter-
ogenized by fixing on the support surface are quite
effective in the partial oxidation of cyclohexane under
mild conditions. The activity and selectivity of the
resulting catalysts depends on the nature of the poly-
mer stabilizer and support; the size of noble metal
nanoparticles depends on both the nature of the poly-
mer stabilizer and its molecular mass.

KINETICS AND CATALYSIS  Vol. 61

No.2 2020

A new approach to the creation of polymer-immo-
bilized nanoparticles on the surface of an inorganic
support by frontal polymerization of acrylamide com-
plexes of noble metal nitrates in the presence of SiO,,
Al,O;, C, ZnO, SnO,, etc. has been developed [165,
170—173]. The obtained polymer hybrid nanocompos-
ites have a fairly developed surface and porous struc-
ture (Table 10), which ensures the accessibility of the
active sites of the catalyst for reagents and their high
activity in the reactions under study.
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Fig. 19. Gold nanoparticles (a) stabilized with PVPD and (b) deposited on the zinc oxide surface [85, 86].

The PAAAm/SiO, (Al,O;, C) complexes showed
significant activity in the model hydrogenation of
cyclohexene. The initial reaction rate in the presence
of the poly-PdAAm/Al,O; catalyst was almost three
times higher than for the standard Pd/C under compa-
rable conditions [165]. Importantly, the complexes
retain their catalytic activity during recycling; the
immobilized form makes it easy to isolate them from
the reaction medium and reuse them. The polymer-
immobilized Pd nanoparticles (poly-PdAAm/SiO,)
exhibit not only efficiency, but also selectivity in the
practically important hydrogenation of 2,4-dinitro-
and 2,4,6-trinitrotoluenes—the rate of hydrogenation
of the second nitro group is almost an order of magni-
tude lower than that of the first [170]. Due to the selec-
tive nature of the catalytic process, the desired prod-
ucts (i.e., the products of partial or complete hydroge-
nation) and, which is equally important, the catalytic

intermediates can be isolated at appropriate stages. In
addition to Pd® (335.5 eV), the intermediate contains
Pd atoms with a partially positive charge (Pd®*, 337.0 eV),
which facilitate the coordination of the substrate mol-
ecules; this affects the catalyst activity and, probably,
the predominant hydrogenation of one nitro group. At
the second stage, the binding energy in the Pd3d;s,
XPS spectrum shifts toward high energies (337.7 eV).
The observed high selectivity of the hybrid nanocom-
posites is probably associated with steric factors,
including those that are due to the presence of a poly-
mer matrix, which leads to strong differentiation of the
coordination of the substrate nitro groups.

A method for heterogenization of homogeneous
Pt, Pd, Rh, Au, and Cu metal nanoparticles stabilized
with dendrimers on mesoporous silica gel was sug-
gested, which is based on successive reactions of com-
Vol. 61 No. 2
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Fig. 20. Rate of hydrogen peroxide decomposition depending on the (a) catalyst mass and (b) temperature. The catalyst is gold
nanoparticles stabilized with PVPD and deposited on zinc oxide, 7= 318 K, [H,0,] = 30%, m, = 30 mg [85, 86].

plexation of metal ions with tertiary amino groups of
PAMAM, reduction of metal ions with formation of
nanoparticles, and fixation of the homogeneous cata-
lyst on an inorganic support by impregnation [174—
176]. The resulting heterogeneous catalysts were effec-
tive in the hydrogenation isomerization of methylcy-
clopentane. For example, along with significant
hydrogenation activity at 200—225°C (TOF = 334 h™!),
the Pt nanoclusters with sizes of 1.2—1.9 nm exhibit
high selectivity (up to 99.6%) in isomerization of
methylcyclopentane with ring opening at 94% conver-
sion [175]. It can be assumed that the dendrimer mol-
ecules and the local environment of the catalytic sites
created by them play a critical role in the nature of the
catalytic effect of Pt nanoclusters. At the same time, the
Pt nanoclusters (1.5 nm) stabilized with polyvinylpyrroli-
done and fixed on the same silica gel (SBA-150) showed
significantly lower activity and selectivity in the isomeri-
zation of methylcyclopentane (TOF = 19 h~! at
280°C, 70% selectivity) [177].

To summarize, the above-considered approaches
to the creation of polymer-protected metal nanoparti-
cles fixed on inorganic supports make it possible to
obtain systems possessing the advantages of both
homogeneous (high activity and selectivity, mild pro-
cess conditions) and heterogeneous catalysts (simple

process for the preparation of the catalyst and its sep-
aration from the reaction products).

The method for the preparation of catalysts with
nanosized particles of the active phase is simple and
does not require large amounts of electricity at the cal-
cination and reduction stages, which are necessary in
the preparation of conventional supported catalyst
systems for catalytic hydrogenation. The process is
performed at room temperature using environmen-
tally clean aqueous solutions. The preparation of cata-
lysts includes the following stages: (1) strong adsorp-
tion of the soluble polymer on the support surface due
to the cooperative interactions of segments of the
polymer chains with the substrate and (2) addition of
an active phase (e.g., palladium salt for hydrogena-
tion). As a result, polymer-protected nanoparticles of
the active phase form on the support surface.

Thus, treatment of the surface of conventional
oxide substrates with polymers leads to their strong or
irreversible adsorption. When introduced on this sup-
port, transition metal ions are localized around the
functional groups of the polymer, forming nanosized
particles of the active phase. The polymer “interlayer”
leads to uniform distribution of the active phase and
prevents its agglomeration, while the inorganic sup-
port facilitates the catalyst separation from the reac-

Table 9. Results of oxidation of cyclohexane (CH) with hydrogen peroxide in the presence of supported gold nanoparticles

stabilized with various polymers

Yield of product, %
Catalyst CH conversion, %
CHol CHone unidentified products
Au-PVPD/ZnO 29.5 44.0 55.2 Traces
Au-PAA/ZnO 34 8.8 18.7 72.5
Au-PEI/ZnO 2.9 8.4 13.0 78.6
KINETICS AND CATALYSIS Vol.61 No.2 2020
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Table 10. Specific surface area and size of pores

DZHARDIMALIEVA et al.

in the hybrid polymer nanocomposites based on

Pd(CH,=CHCONH,),(NO5),(PdAAm) and [(H,C=CHCONH,),RhOH](NO3), - H,O (RhAAm) [173]

Sample Specific surface area, m2/g Pore volume, cm?/g Average pore radius, A
Poly-PdAAm 18.2 0.10 113.2
Poly-PdAAm/SiO, 146.8 0.28 37.8
Poly-PdAAm/AlL,O4 60.2 0.17 55.0
Poly-RhAAm/SiO, 210.9 0.385 36.5
Poly-RhAAm/ALO; 78.4 0.23 59
Poly-RhAAm/C 83.82 0.412 98.2

tion products and makes the catalyst resistant against
the action of the solvent.

5. CONCLUSIONS

Polymer-immobilized clusters and metal nanopar-
ticles are of significant interest for catalysis due to the
synthetic methodology developed in recent years and
the possibility of controlled synthesis of required
properties in a functional material. Immobilization of
homogeneous metal-cluster nanoparticles on a solid
surface without any loss of their catalytic activity is
extremely important for practical applications of cata-
lysts. Heterogenized polymer-immobilized metal
nanoclusters are highly active catalysts for olefin
hydrogenation [178]. The data on the electronic and
geometrical structure of individual atoms, nanoclus-
ters, and nanoparticles, including those on polymer
supports, and their catalytic properties in various
organic reactions, including CO oxidation, selective
hydrogenation, and electro- and photocatalytic reac-
tions, were summarized in a recent review [179]. Due
to the moving geometrical structure of the polymer
molecule, it is possible to overcome the steric limita-
tions of conventional solid inorganic supports. In this
case, e.g., a dendrimer polymer matrix with encapsu-
lated metal nanoparticles can activate a heterogeneous
catalyst, so that reactions usually occurring only with
participation of homogeneous catalysts, for example,
bond activation or aldol condensation start to occur in
its presence. The dendrimer-encapsulated Au clusters
exhibit lower catalytic activity than the nanoclusters
formed in situ due to their optimized structure and coor-
dination environment that is most favorable for catalysis
[180]. Strict control of the size and shape of nanoparti-
cles, including subnanosized ones, can be performed
using amphiphilic (co)polymers and micelles based on
them [181, 182]. This approach seems very promising for
creating catalytic systems of diverse nanoarchitecture
(spherical, rod-shaped, 3D-crosslinked). The Pd nano-
clusters (average size =0.7 nm) stabilized with a polymer
micelle of the amphiphilic copolymer of styrene 2-[(2-
phenylallyloxy)methyl]oxirane and tetraethylene gly-
col-mono-2-phenyl-2 propenyl ether are highly active
in hydrogenations and Heck reactions [181].

Currently, research in the field of hybrid-phase cat-
alysts is under way. Hybrid catalysts such as the above-
considered polymer-protected metal nanoparticles on
inorganic oxide supports demonstrate improved per-
formance (activity, selectivity, and service life) and the
possibility of recycling. They also have additional
functions such as microenvironment and configura-
tion for various reaction routes and cascade reactions
for products that are problematic to obtain in other
ways. Also of interest are approaches to the develop-
ment of highly stable catalytic mesostructures in
which the polymer matrix that covers the surface of a
metal nanostructure can be replaced with a metal
oxide ligand acting as a cocatalyst [183]. These struc-
tures are expected to be effective in catalytic reactions
with high activation energy. It is generally accepted
that ligands significantly affect the conversion and
selectivity of catalyzed reactions, as they do in the case
of homogeneous catalysts. However, because of the
large number of ligand types (polymers with different
functional groups, including phosphorus-, sulfur-,
nitrogen-containing ones) and various parameters,
such as the chain length, configuration, steric hin-
drances, etc., general conclusions about their role
require more detailed systematic studies.

Mixed metal clusters, including cluster-containing
polymers, are unique molecular precursors for the
preparation of bi- and multimetal catalysts. The spa-
tial proximity of the metal sites provides multicenter
interactions with the substrate, leading to the activa-
tion of molecules and thereby creating favorable con-
ditions for increasing the catalytic activity. The bind-
ing of the substrate with M, affects the interaction of
this metal with M,, which, in turn, acts as a “ligand”
for M, and modifies its electronic interactions with the
substrate [57]. The polymer-immobilized bimetallic
nanostructures, such as Pt—Ru, Ru—Co, Pd—Ag, and
Pt—Ni, are active in the reactions of hydrogen produc-
tion by hydrolysis of aminoboranes [ 184], reduction of
nitroaromatic compounds [ 185, 186], and oxidation of
formaldehyde [187].

In recent years, another method appeared for het-
erogenizing homogeneous catalysts by introducing
molecular complexes in the structure of metal-organic

KINETICS AND CATALYSIS  Vol. 61
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frameworks (MOFs) or coordination polymers; like
zeolites, these catalysts are of considerable interest due
to their unique porous crystal structure with a devel-
oped specific surface and a large internal pore volume
[188—190]. The pores and channels of uniform size
largely determine their catalytic selectivity, especially
in the field of enantioselective catalysis [191]. Mono-
center catalysts based on transition metals for hydro-
genation of alkenes, imines, carbonyls, and heterocy-
cles can be obtained and stabilized in the cavity of
metal-framework structures [192, 193]. Moreover, the
combination of synergistic and steric effects appearing
after the introduction of Pt—SnQ, in the cavity of the
Zn-imidazole coordination polymer (ZIF-8) stimu-
lated the design of a highly selective catalyst for hydro-
genation of unsaturated aldehydes [194]. Other con-
ceptual applications of MOFs to catalysis include
frame stabilization of the active particle, combination
of catalysis with chemical separation, post-synthetic
incorporation of catalytic metal centers, and sub-
strate-selective catalysis [195]. A recent review ana-
lyzed metal-organic framework structures as supports
for immobilization of enzymes [196]. MOFs with a
hierarchical structure can be regarded as multienzyme
bioreactors for stepwise fixation of enzymes in suitable
pores and channels.

Hybrid catalysts demonstrate better performance
and stable activity, providing good reproducibility and
scaling feature [197]. The design of the molecular
architecture of the polymer matrix with encapsulated
metal nanoparticles leads to high product selectivity,
including diastereo- and enantioselectivity. However,
combination of high activity and stability, 100% selec-
tivity for the desired product, and possibility of recy-
cling are still challenges that are waiting to be solved to
find the optimum balance between these features. The
development of modular catalytic systems with
organic polymer components combined with inor-
ganic nano- and subnanosized particles, whose cata-
lytic properties can be finely tuned by changing vari-
ous parameters, is currently a promising trend.
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