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Abstract The development of efficient catalysts in terms of activity and selectivity
has always been a major topic for researchers since several decades. The use of col-
loidal metallic nanoparticles received an increasing interest due to their large sur-
face area leading to high catalytic activities. The main problems for these
nanoparticles arise from the control of their size and also their aggregation before
and during the catalytic process. In this context, the use of cyclodextrins as protec-
tive agents proved to be effective and allowed the rise of a large variety of catalytic
systems at the nanoscale.

In this chapter, we reviewed all the articles related to the metallic nanoparticles
synthesized in the presence of cyclodextrin for catalytic applications since the 1980s
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to early 2020. The major points are (1) the possibility of development of metal
nanoparticles in solution or immobilized onto a support in the presence of cyclodex-
trin; (2) the multiple roles of cyclodextrin such as reducing agent, mass transfer
agent, and stabilizing/dispersing agent leading to the increase of the stability of
metal nanoparticles and better catalytic activities or specific selectivities; and (3) the
control and the use of more complex catalytic systems where cyclodextrin is play-
ing the main role as a supramolecular host.

Keywords History - Catalysis - Metal nanoparticles - Cyclodextrin-assisted
synthesis - Cyclodextrin derivatives - Structures - Inclusion complexes -
Supramolecular chemistry

Abbreviations

ACNa 1-Adamantane carboxylate sodium salt

AmCD Poly-(6-N, N-dimethyl-propylenediamino)-(6-deoxy)-p-cyclodextrin

AO-CNTs Acid-treated carbon nanotubes

C60 Fullerene[60]

CD Cyclodextrin

CDNS Cyclodextrin nanosponges

CNTs Carbon nanotubes

FTIR Fourier transform infrared spectroscopy

GCE Glassy carbon electrode

Hal Halloysite nanoclay

HEA16Cl N, N-dimethyl, N-hexadecyl, N-(2-hydroxyethyl)ammonium
chloride

ICP-AES Inductively coupled plasma atomic emission spectroscopy

IPTS (3-isocyanatopropyl) triethoxysilane

RaMe-B-CD  Randomly methylated-p-cyclodextrin

rGO Reduced graphene oxide

5.1 Introduction

Metal nanocatalysts are an interesting research field for the scientific community
due to the high control of both the size and the shape of the metal nanoparticles in
order to find a good compromise between stability and reactivity of the catalytic
system. Metal nanoparticles can be synthesized through two approaches: the frag-
mentation of a bulk metal, called the top-down approach, or the chemical transfor-
mation of a metal precursor, called the bottom-up approach. The key parameter of a
metal nanoparticle-based catalyst, in solvent-dispersed form or immobilized on a
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support, is the choice of the stabilizing agent which ensures the good dispersion of
the active phase with the desired particle size. Taking into account this, the need to
develop more eco-friendly metal nanoparticle synthesis without harmful solvents,
the use of water-soluble capping agents has grown since the beginning of the
twenty-first century. Ammonium salts, phosphanes, dendrimers, polymers, or oligo-
saccharides are generally found in the literature and show interesting results in
terms of catalytic activity and stability. Among these capping agents, cyclodextrins
are interesting candidates in the field of nanocatalysis due to their low cost, non-
toxicity, high capacity to interact with metal ions, and the possibility to form inclu-
sion complexes with reactants in order to bring them close to the active site.

According to a bibliographic survey up to 2020 involving cyclodextrin, catalysis,
and metal nanoparticles as keywords, a huge number of publications have been
found. Therefore, we decided to restrict our study to the cases where cyclodextrins
are present during the catalytic process using metal nanoparticles, either in solvent-
dispersed form or immobilized on a support, as active phase. This means that the
works dealing with cyclodextrin-assisted syntheses of supported metal nanoparti-
cles including a calcination/carbonization step or a washing step to remove the
cyclodextrin have not been considered here.

This chapter is divided into two distinct parts. In the first part, we focus on the
publications concerning the solvent-dispersed nanoparticles. Several parameters
such as the size of the cavity, the functionalization of the cyclodextrin rims, and the
presence of co-stabilizers (surfactants, phosphanes, or polymers) or cyclodextrin-
based polymers have been studied to get stable, active, and recyclable nanohetero-
geneous catalysts. Cyclodextrins can be either added during the nanoparticle
synthesis or after the metal nanoparticle synthesis and can consequently play the
role of mass transfer agent to bring the substrate in the vicinity of the active species
and improve the activity and/or the selectivity. The second part is dedicated to cata-
lysts with nanoparticles immobilized onto and/or into a support matrix in the pres-
ence of cyclodextrins. In this case, different strategies are discussed for the synthesis
of heterogeneous catalysts consisting of nanoparticles immobilized on a support,
such as inorganic supports, carbonaceous materials, or polymers, in the presence of
cyclodextrins either non-covalently grafted or covalently grafted on the supports.
Nanoparticles can be synthesized (i) before their adsorption/incorporation onto or
into the support or (ii) in the presence of the support and also of the cyclodextrins.
It should be noticed that the structure of the cyclodextrin remains intact whatever
the strategy. Consequently, in line with the first part, the relationships between the
supramolecular structures and their activities are discussed, and the different roles
of the cyclodextrin are further underlined.
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5.2 Nanoparticles Stabilized by Cyclodextrins in Solution

5.2.1 Nanoparticles Stabilized by Native Cyclodextrins

The first example of the synthesis of metal nanoparticles stabilized by native cyclo-
dextrins (a-cyclodextrin, p-cyclodextrin, and fy-cyclodextrin) was reported by
Komiyama and Hirai (1983). An aqueous Rh(III) salt solution in the presence of
native cyclodextrin and ethanol was refluxed in order to give Rh nanoparticles. The
stability of the resulting particles was associated to the ability of the cyclodextrin to
prevent aggregation via strong hydrophobic interactions between the cyclodextrin
cavity and the metal surface. B-cyclodextrin gave the best colloidal dispersion with
a Rh average diameter of 2.8 nm. When y-cyclodextrin was used, no colloidal sus-
pension was observed, and sedimentation took place. The resulting Rh particles
stabilized by p-cyclodextrin were then evaluated in the catalytic hydrogenation of
water-soluble a,f3-conjugated carbonyls under mild experimental conditions (30 °C,
1 bar of hydrogen) with the catalytic activities ranging from 0.06 to 0.24 molH,
g(Rh)~! s7!. The role of p-cyclodextrin was highlighted by observing no activity for
the hydrogenation of 3-buten-2-one in the presence of cyclohexanol that was a com-
peting guest forming an inclusion complex with B-cyclodextrin.

The ability of B-cyclodextrin to stabilize solvent-dispersed metal colloids was
also observed by Willner in 1987 by synthesizing TiO, and CdS nanoparticles with,
respectively, an average diameter of 8§ nm and 10 nm (Mandler and Willner 1987).
The catalytic activity of the abovementioned semiconductor particles was evaluated
in the photoreduction of a relay molecule (N, N’-dioctyl-4, 4’-bipyridinium) with
semiconductor particles (Fig. 5.1). An increase of the local concentration of the
relay in the vicinity of the semiconductor interface was explained by the association
of this relay with the cavity of the p-cyclodextrin (K, = 5.6 10° M~!). Moreover,
inhibition experiments using phenol as substrate were performed where phenol was
associated to f-cyclodextrin, leading to a bad electron transfer.

C.B.
M\~ +

O N

V.B.

TiO,

Fig. 5.1 Supposed operation of the receptor-semiconductor colloid. The interfacial electron trans-
fer has been improved from the excited semiconductor to the relay substrate because of the increase
of the local concentration of the relay substrates at the semiconductor interface due to the associa-
tion of the relay with the p-cyclodextrin. (Adapted from Willner and Mandler 1987)
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The same authors studied the synthesis of palladium nanoparticles stabilized by
B-cyclodextrin by warming an aqueous solution of Na,PdCl,; containing
B-cyclodextrin (1% in weight) at 60 °C via the classical polyol process (Willner and
Mandler 1989). The non-reduced palladium was removed by addition of an
Amberlyst® resin, and the resulting colloids were centrifuged to separate the pre-
cipitated palladium colloids. This preparation resulted in an active catalyst for the
photosensitized reduction of sodium bicarbonate to sodium formate by visible light
in the presence of deazariboflavin as photosensitizer, N, N’-dimethyl-4,4’-
bipyridinium as the first electron donor, and sodium oxalate as the sacrificial elec-
tron donor. After kinetic studies, the authors emphasized the biomimetic character
of these colloids acting as artificial enzymes. By comparing their Pd nanoparticles
to other Pd nanoparticles stabilized by classical agents such as glucose or poly(N-
vinyl-2-pyrrolidone), the authors clearly showed that the best catalytic activity was
obtained with their colloids.

Despite numerous studies concerning the synthesis of gold nanoparticles in the
presence of cyclodextrins, only a few of them was dedicated to catalytic applica-
tions. The first catalytic application was reported in 2009, when the group of Qi
synthesized a-cyclodextrin-capped gold nanoparticles by reduction of HAuCl, in
alkaline solution at 60 °C where a-cyclodextrin was playing the dual role of reduc-
ing agent of the metal precursor and stabilizing agent of Au nanoparticles (Huang
et al. 2009). As in the case of palladium, Au(III) can be reduced via the polyol pro-
cess in alkaline medium using the cyclodextrin hydroxyls as reductant. The concen-
tration of a-cyclodextrin was the key parameter to get the smallest particles with a
narrow size distribution; the higher the a-cyclodextrin concentration, the smaller the
nanoparticles. The sodium hydroxide concentration played also an important role.
For pH values lower than 10.5, a-cyclodextrin failed to reduce the gold precursor,
but too high pH (pH = 12) led to the irreversible agglomeration of Au nanoparticles.
These colloidal suspensions were effective hydrogen activators for the reduction of
4-nitrophenol to 4-aminophenol with a large excess of sodium borohydride. The
conversion was determined by the time-dependent decay of the 4-nitrophenol absor-
bance at 400 nm. The kinetic reaction rate constants were inversely proportional to
the particle size. These results pointed out that these a-cyclodextrin-capped Au
nanoparticles showed catalytic activity and that cyclodextrin did not disturb the
metal surface.

More recently, monodisperse Au nanoparticles with diameter of 15-20 nm were
synthesized by the polyol process (100 °C in a phosphate buffer solution) using
native cyclodextrins (a-cyclodextrin, p-cyclodextrin, and y-cyclodextrin) as both
reducing agents of metal precursor and protective agents of Au colloidal suspen-
sions. These Au nanoparticles were used for applications in fluorescent sensing,
self-assembly, and cascade catalysis (Zhao et al. 2016). The FTIR analysis clearly
showed the decrease of the intensity of the hydroxyl group absorbance band. In the
same time, the appearance of carboxyl groups was observed by X-ray photoelectron
spectroscopy due to the oxidation of the cyclodextrins. All of these analyses respec-
tively justified the reduction of the gold precursor in the presence of cyclodextrins
and the stabilization of the resulting Au nanoparticles through the carboxylate
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functions. In addition to the conventional host-guest interaction-based properties,
the gold nanoparticles stabilized by these cyclodextrins showed interesting catalytic
activities and exhibited mimicking properties of both glucose oxidase and horserad-
ish peroxidase. Especially, the cascade reaction (oxidation of glucose with genera-
tion of gluconic acid and H,O, followed by the oxidation of TMB
(3,3',5,5"-tetramethylbenzidine)) was well-achieved using the Au nanoparticles as
the sole catalyst.

Several cucurbit[n]urils and native cyclodextrins were used as stabilizers of
metastable gold nanoparticles, i.e., gold nanoparticles synthesized by chemical
reduction of Au(IIT) with NaBH, and then the addition of the desired macromole-
cules (del Pozo et al. 2018). Whatever the receptor, transmission electron micros-
copy images showed spherical gold nanoparticles which, on the one hand, were
organized into non-ordered structures with cyclodextrins and, on the other hand,
were homogeneously dispersed in the case of cucurbit[n]urils with mean diameters
ranging from 5.2 nm to 10.7 nm. The catalytic activity of these colloidal suspen-
sions was evaluated in the reduction of 4-nitrophenol using NaBH, as reducing
agent in the presence of these gold nanoparticles. The different stabilizers were
compared by evaluating the catalytic activities with normalized rate constants
depending on the gold amount (named k) or depending on the total gold surface
(named k) or by determining a loss of efficiency after 2 months (Table 5.1).

The metastable gold nanoparticles, i.e., the particles with no added stabilizer,
showed the highest catalytic activities which can be explained by weak interactions
between the boron species and the gold nanoparticles. Nevertheless, a significant
loss of performance was observed after keeping this colloidal suspension during
1 month under stirring. It clearly showed that the addition of a stabilizing agent was
necessary to keep a long-term stability and also a good catalytic activity. Finally, the
efficiency of the catalysts was explained by the surface coverage of nanoparticles
obtaining high reaction rates with low surface coverage.

Other metal nanocatalysts were prepared using the polyol process strategy with
native cyclodextrins. For example, Li et al. (2017) studied the synthesis of silver
nanoparticles in alkaline medium in the presence of pB-cyclodextrin at room tem-
perature. FTIR analysis of the resulting Ag nanoparticles showed a characteristic
peak at 1647 cm™!, which corresponds to the oxidation of hydroxyl groups during

Table 5.1 Influence of the macrocycle on Au nanoparticles’ mean diameter, rate constants, and
efficiency with time

Au nanoparticle stabilizer
Curcubit[6] | Curcubit[7]

Parameter BH,~ urils urils a-Cyclodextrin | f-Cyclodextrin
Diameter (nm) 6.6 54 5.2 5.8 10.7

k. (L g7' min™") 1581 547.0 592.2 529.4 570.8

ks (L m~2 min~") 29.5 9.5 9.97 9.9 19.8

Loss of efficiency 77.6 84.1 31.6 58.2 79.1

(%)

Adapted from del Pozo et al. (2018)
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the polyol process. In addition, slight red shift compared with normal vibration
wavelength indicated the coordination of f-cyclodextrin onto the surface of the Ag
nanoparticles. Interestingly, the key parameters to get small particles with a narrow
distribution (pH value, temperature, and f-cyclodextrin/Ag molar ratio) are the
same as in the study of Qi concerning the gold nanoparticles. According to the
authors, not only the cyclodextrin deprotonation led to the formation and the stabi-
lization of the silver nanoparticles but also the insoluble silver oxide formation in
alkaline medium which allowed a better control of the growth of the silver nanopar-
ticles. The authors also found that the optimal synthesis temperature was 35 °C. The
intensity of absorption peak increased with the temperature, but very high tempera-
ture led to Ag,O decomposition and the loss of the control of the particle growth.
For the catalytic results, the authors suggested that H bonding interactions between
the cyclodextrin and the substrate are the key factor. These Ag nanoparticles that
were used in the catalytic reduction of 4-nitrophenol have proven to be more active
than traditional Ag nanoparticles stabilized by sodium citrate. This better catalytic
activity was explained by hydrogen bonds between 4-nitrophenol and the hydroxyl
groups of B-cyclodextrin which allowed a better diffusion of the substrate onto the
surface of Ag nanoparticles.

Another study developed 7y-cyclodextrin-capped Ag nanoparticles for the
enhancement of the antibacterial efficiency of chloramphenicol (Gannimani et al.
2016). The formation of nanoparticles was confirmed by UV-Vis spectroscopy and
the appearance of the surface plasmon resonance band at 412 nm. The formation of
inclusion complexes was studied by '"H NMR. The observed changes in the shifts
could be considered as direct evidence of the existence of host-guest non-covalent
interactions between y-cyclodextrin and chloramphenicol. Moreover, an increase of
the antibacterial activity of chloramphenicol was observed when it was used in
combination with y-cyclodextrin-capped Ag nanoparticles because of supramolecu-
lar interactions leading to the immobilization of chloramphenicol onto the Ag
nanoparticle surface.

Using simple, economical thermal pyrolysis approach and tin(II) stearate as eco-
friendly organometallic precursor, SnO, quantum dots with mean diameters less
than 10 nm were synthesized (Haw et al. 2016) and used in both aqueous and non-
aqueous media thanks to B-cyclodextrin employed for surface-ligand exchange. It
was suggested that the formation of inclusion complexes between stearate-stabilized
quantum dots and p-cyclodextrin could allow the phase transfer from the non-
aqueous phase to the aqueous phase. Moreover, the use of the SnO, quantum dots
for the photocatalytic hydrogen gas evolution was studied and compared with com-
mercial SnO, nanoparticles. The results demonstrated higher photocatalytic activity
of the former compared to the latter (~31.3% higher yield of hydrogen). The higher
photocatalytic activity of SnO, quantum dots was attributed to their smaller size,
higher surface area, and lower rates of photogenerated e /h" recombination.
Noteworthy, B-cyclodextrin could enhance the surface moiety and the hydrophilic-
ity of SnO, particles and consequently improve their dispersion in the aqueous
solution.
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An efficient combination between nanoparticles of zinc oxide and p-cyclodextrin
in water for a three-component reaction has been highlighted by Sagir et al. (2016).
More precisely, an ortho-aminothiophenol, with aromatic aldehydes and isocya-
nides, can give the corresponding 3-aryl-4H-benzo[1.4]thiazin-2-amine in the pres-
ence of a Lewis acid catalyst in aqueous medium. The authors prepared ZnO
nanoparticles with a spherical shape with a diameter between 15 and 25 nm and
compared their activity to classical Lewis acids. The best catalytic result was
obtained using 5 mol% of ZnO nanoparticles. In order to enhance the catalytic
activity, phase-transfer agents were applied (10 mol% of p-cyclodextrin, cetyltri-
methylammonium bromide, or tetradecyltrimethylammonium bromide), and the
best activity was obtained in the presence of p-cyclodextrin (respectively, 83% of
yield after 30 min, 86% after 40 min, and 84% after 50 min). Recycling experiments
showed that the catalyst could be reused during five consecutive runs without any
loss of its activity. The authors compared their results to other homogeneous or
nanoheterogeneous systems, and the chosen reaction conditions (water, 60 °C,
40 min of reaction) furnished a yield of 92%.

Zr0O,-B-cyclodextrin composite was synthesized by co-precipitation using
ZrOCl, and B-cyclodextrin in an ammonium hydroxide solution (Girish et al. 2015).
These composite nanoparticles were prepared for the solvent-free synthesis of 2, 4,
S-trisubstituted imidazoles and 1,2-disubstituted benzimidazoles. The catalyst could
be recycled for three runs without any appreciable loss of activity and selectivity.

The synthesis of iron-platinum core-shell nanoparticles (Fe@Pt) for aqueous
hydrogenation reactions was investigated in order to limit the use of Pt monometallic-
based catalyst (Mori et al. 2009). Fe @Pt nanoparticles were synthesized by thermal
decomposition of Fe(CO)5 followed by chemical reduction of Pt(acac), in the pres-
ence of oleic acid and oleylamine. After precipitation and dispersion in hexane, the
particle organic-water transfer occurred after the addition of a y-cyclodextrin aque-
ous solution. Transmission electron microscopy images showed a homogeneous
dispersion with an average diameter of 2.5 nm. The core shell structure (iron as the
core, platinum as the shell) was determined by X-ray absorption measurements. The
catalytic properties of the Fe@Pt nanoparticles were evaluated in the aqueous
hydrogenation of allylic alcohol under 1 atm of hydrogen. y-cyclodextrin-capped
nanoparticles were more efficient in water than those in organic solvent without
cyclodextrin. This difference of activity could be explained by host-guest complex-
ation between the substrate and the y-cyclodextrin bringing the substrate close to
the active phase. The catalyst could be recycled at least three times.

Even if water appeared as the ideal solvent (non-toxic, cheap, and readily avail-
able), its use is limited because a wide range of organic compounds are not water
soluble or are unstable in this solvent. Ionic liquids had promising results, but their
environmental safety is still discussed (Kunz and Hickl 2016). Recently, low melt-
ing mixtures (solvents prepared by mixing high melting point starting materials,
which form a liquid by hydrogen bond interactions) (Francisco et al. 2013) were
developed for the catalytic applications with homogeneous metal catalyst (Ferreira
et al. 2015). These low melting mixtures are generally cheap and easy to prepare
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from readily available materials. Zhao et al. (2014) investigated the palladium-
catalyzed Suzuki coupling of phenyl boronic acid with aryl bromides in different
carbohydrate-urea-inorganic salt mixtures. A p-cyclodextrin/N-methylurea mixture
was used as solvent for the stabilization of Pd nanoparticles. 80 °C is generally
required to get active Pd nanoparticles for C-C coupling reactions, and N-methylurea
was necessary to achieve this temperature. Cyclodextrin reduced the palladium ions
to get palladium nanoparticles. The model reaction was the coupling between bro-
mobenzene and phenylboronic acid with 0.05 mol% Pd, using K,CO; as base giving
90% of biphenyl after 2 h. A catalytic amount of water improved the yield up to
95%. Other aryl halides were tested, and the catalytic system showed a great toler-
ance toward a broad range of functional groups such as -NO,, -NH,, and -CN
functionalities. The recyclability was studied, and the catalytic system preserved its
activity and stability after four runs.

A second type of non-conventional media has been developed and consisted into
performing the reaction without any solvent. In this case, where the catalyst and the
substrate are in the solid state, mechanochemistry appeared as an interesting alter-
native strategy. Gold nanoparticles were mechano-synthesized and were used as
nanocatalysts in the reduction of substituted nitrobenzene derivatives by ball mill-
ing (Menuel et al. 2016). Several cyclodextrins and saccharide additives were tested
to afford well-dispersed Au nanoparticles. The smallest Au average particle size was
obtained with B-cyclodextrin. X-ray photoelectron spectroscopy data confirmed the
presence of zerovalent Au nanoparticles. Several parameters were studied to see
their influence on the activity of the gold nanoparticles during the nitroarene reduc-
tion. First, the nature of the saccharide was evaluated. Except in the case of methyl-
ated saccharides, all additives improved the catalytic activity of Au nanoparticles,
especially in the case of cyclodextrins. The best enhancement was obtained with
B-cyclodextrin. Water played a crucial role during the catalytic process. Recycling
experiments were performed, and the best results were obtained for f-cyclodextrin
where no loss of the activity was noticed after three successive runs. Several nitro-
benzene compounds were tested, and, whatever the substrate, the para-substituted
derivatives showed lower activities than the ortho- or meta-ones. The authors
explained these differences by favored/unfavored routes due to, respectively, unsta-
ble/stable complexes between the cyclodextrin and the substrate (Fig. 5.2). The
para-substituted compounds can form stable complexes, which limit the approach
of the substrate close to Au nanoparticle surface.

5.2.2 Nanoparticles Stabilized by Functionalized Cyclodextrins

In order to improve the stability of the solvent-dispersed metal nanoparticles, the
use of molecular functionalized cyclodextrins was investigated. According to our
literature survey, these functionalized cyclodextrins could be divided in two fami-
lies: (1) the thiolated cyclodextrins and (2) the alkylated cyclodextrins.
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para isomers ortho, meta isomers

NO;

X

Fig. 5.2 Schematic representation of dynamics of exchange between cyclodextrins and halogeno-
nitrobenzene derivatives. The catalytic activity depends upon the strength of the inclusion complex
between the substrate and the cyclodextrin or between the product and the cyclodextrin. The con-
version is decreasing when the inclusion complex between the substrate (or the product) and cyclo-
dextrin is stronger. (Adapted from Menuel et al. 2016)

1. thiourea, DMF, 70°C
2. NaOH, H,0, 100°C

Fig. 5.3 Synthesis of per-6-thio-f-cyclodextrin. per-6-thio-p-cyclodextrin has been synthesized
into two steps with a final yield of 85%. (Adapted from Alvarez et al. 2000)

Nanoparticles Stabilized by Thiolated Cyclodextrins
Alvarez et al. (2000) reported the use of thiolated cyclodextrins for the stabilization

of platinum and palladium nanoparticles in water for the catalytic hydrogenation of
allylamine. More precisely, solutions of MCl,>~ (M = Pt or Pd) sodium salts in a
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Table 5.2 Hydrogenation of trimethylbutenyl ammonium bromide in the presence of
per-6-thio-fB-cyclodextrin®

T Br
~ Pd NPs, D,0 | Br
25°C, 1 bar H,
Entry Additive Concentration (mM) Turnover frequency (h™")
1 None 320
2 o N 0.5 131
3 e N 3 112
Fe Br

4 Me,N* Br- 3 311
5 Et,N* Br~ 3 290
6 Adamantanol 0.5 192
7 < coona 0.5 230

Adapted from Liu et al. (2001)
iReaction conditions: trimethylbutenyl ammonium bromide (3 mM), Pd nanoparticles (8 pg mL"),
D0, 1 bar H,, 25 °C

DMSO:H,0 mixture were reduced with sodium borohydride in the presence of
per-6-thio-p-cyclodextrin (Fig. 5.3) leading to a dark precipitate.

The interaction of the thiolated cyclodextrin with the metal nanoparticles was
justified by the disappearance of the S—H stretching peak at 2560 cm™ in the FTIR
spectra of the resulting materials. Transmission electron microscopy measurements
showed spherical metal nanoparticles with an average diameter of 14.1 + 2.2 and
15.6 = 1.3 nm, respectively, for Pt and Pd particles. The catalytic activity of these
nanoparticles was evaluated in the hydrogenation of allylamine under 1 atmosphere
of hydrogen, at room temperature in D,O solution in order to follow the reaction by
'H NMR. Full conversions were obtained for both catalytic systems after 6 h of
reaction with a selectivity of 100% toward propylamine. The same authors also
optimized the synthesis of the palladium nanoparticles with an average particle size
decrease (from 15.6 nm to 3.5 nm) by increasing the thiolated cyclodextrin amount,
which is generally observed in the synthesis of solvent-dispersed nanoparticles.
These new aqueous dispersed nanoparticles were tested in hydrogenation (Liu et al.
2001) and Suzuki coupling reactions (Strimbu et al. 2003) (Fig. 5.5). For the hydro-
genation study, the authors tried to tune the catalytic activity of per-6-thio-p-
cyclodextrin-stabilized Pd nanoparticles by ordering host-guest interactions
between the receptors and chosen guests in the solution (Table 5.2).

The addition of molecules such as adamantanol or ferrocenyl ammonium deriva-
tives, which strongly interact with cyclodextrins via host-guest inclusion complexes,
led to a decrease of the catalytic activity of the palladium nanoparticles. The highest
inhibitive effect was observed with a ferrocenyl ammonium derivative (Fig. 5.4).

For the Suzuki reaction (Fig. 5.5), the catalytic activities are similar whatever the
functional group on the aromatic group. Higher activities were obtained in the case
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of iodo derivatives in comparison to bromo derivatives (respectively, turnover fre-
quency from 41 to 48 h™! and from 7.8 to 13 h™!) which is generally observed in C-C
coupling reactions. Interestingly, the authors compared their values to poly(N-
vinyl-2-pyrrolidone)-stabilized Pd nanoparticles (Li et al. 2002). These lower val-
ues can be explained by too strong interactions between the thiolated cyclodextrin
with the palladium nanoparticles. In the case of iodoferrocene, substrate which can
form an inclusion complex with the thiolated cyclodextrin, the catalytic activity of
the corresponding palladium nanoparticles was improved in the presence of the
cyclodextrin. It is important to note that the authors awarded the opposing solubility
requirements which constitute the use of cyclodextrin-capped metal nanoparticles.

RS

/
N*-

active site

N*—
7N
temporary
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Fig. 5.4 Deactivation of active catalytic sites by binding ferrocenyl-based molecules to the cyclo-
dextrin hosts. The addition of a cationic ferrocene derivative is leading to a decrease of the catalytic
activity due to the creation of a Coulomb barrier when the positively charged substrate is approach-
ing the surface of the Pd nanoparticle. (Adapted from Liu et al. 2001)
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Fig. 5.5 Suzuki cross-coupling reaction using per-6-thio-f-cyclodextrin-capped Pd nanoparticles.
Isolated yields ranging from 77% to 98% were obtained depending on the nature of the substitu-
ents R and X. (Adapted from Strimbu et al. 2003)
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Table 5.3 Catalytic C=C double bond hydrogenation of isophorone in the presence of Pd
nanoparticles* (Mhadgut et al. 2005)

o]
PSH-3-CD/Pd
25°C, 20 bar H,
Entry Catalyst Solvent Yield (%)
1 per-thiolated-B-cyclodextrin/Pd Ethanol 25
2 Pd black Ethanol 100
3 per-thiolated-p-cyclodextrin/Pd Water 100
4 Pd black Water 2
5° per-thiolated-B-cyclodextrin/Pd Water 45

aReaction conditions: 1 mmol isophorone, 10 mg catalyst, 5 mL of solvent, 20 bar H,, 25 °C, 2 h
PReaction conditions: standard reaction conditions with 1 mmol adamantane

Mhadgut et al. (2005) studied the hydrogenation of isophorone in the presence of
per-thiolated-p-cyclodextrin (PSH-p-cyclodextrin)-stabilized palladium nanoparti-
cles dispersed in water (Table 5.3).

A synergistic effect between per-thiolated-p-cyclodextrin (phase-transfer catalyst)
and Pd nanoparticles on the overall catalytic process was observed using adamantane
as a competitive substrate in the hydrogenation of isophorone (entry 3 vs. entry 5). In
2007, they extended the use of these nanocatalysts in the Sonogashira reaction with-
out phosphine and copper (Xue et al. 2007). The synthesized nanoparticles showed
high catalytic activity in aqueous medium with isolated yields ranging from 52% to
93% depending of the nature of the substrates. These good activities were explained
by the good dispersion of Pd nanoparticles as well as the mass transfer ability of the
cyclodextrins confirmed by the catalytic test realized in the presence of adamantane.

The development of combined catalysts based on thiolated cyclodextrin-modified
gold nanoparticles with homogeneous complexes is rare. Li et al. (2008) synthe-
sized gold nanoparticles stabilized by per-6-thiol-p-cyclodextrin and used them as a
support for triethylenetetramine-adamantane-based copper complexes via supramo-
lecular assembly (Fig. 5.6). These dual catalysts showed a typical Michaelis-Menten
kinetics for the cleavage of 4, 4’-dinitrophenylcarbonate. The kinetic analyses indi-
cated the synergistic action of bimetallic catalytic centers and three-dimensional
structure of gold nanoparticles for the rate improvement of carbonate hydrolysis.

Contreras Carballada et al. (2012) developed a similar approach with platinum
nanoparticles stabilized by per-thiolated cyclodextrin combined with a ruthenium
or iridium complexes (Fig. 5.7). These catalytic systems were used for the reduction
of proton for the production of hydrogen, and the authors have clearly shown that
the combination of homogeneous complex with Pt nanoparticles had a beneficial
effect on the catalytic activity. This high hydrogen production is also due to the
good stabilization of the platinum colloids by the per-thiolated cyclodextrin.

More recently, aqueous Cu nanoparticles with an average size of 2 nm were syn-
thesized using mono-6-thio-p-cyclodextrin as stabilizer and hydrazine as reducing
agent (Zhong et al. 2016) (Fig. 5.8). The FTIR spectrum of the synthesized nanopar-
ticles compared with that of mono-6-thio-p-cyclodextrin showed several shifts,
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Fig. 5.6 Copper complexes adsorbed onto gold nanoparticle through adamantyl inclusion into
cyclodextrin cavity. This cyclodextrin-modified gold nanozyme proved to be catalytically active in
the carbonate hydrolysis. The kinetic analyses clearly showed that a synergistic effect was observed
between the multi-metal catalytic centers and the Au nanoparticles leading to an increase of the
activity. (Adapted from Li et al. 2008)

indicating the interactions between the thiolated cyclodextrin and the surface of the
nanoparticles (3356 and 1415 cm™' vs. 3375 and 1371 cm™' for the hydroxyl bands).
These copper nanoparticles were tested as enzyme mimic, and the cyclodextrin had
a strong effect on the reaction rate. The peroxidase-like catalysis of Cu nanoclusters
showed the Michaelis-Menten kinetics, which was similar to that of horseradish
peroxidase. On the basis of its unique and attractive catalytic activity, a simple and
selective colorimetric assay for H,O, and glucose has been developed. Compared
with the natural enzymes, Cu nanoclusters as a mimic peroxidase showed several
advantages such as the ease of preparation, the low cost, as well as the high stability
and activity under harsh conditions, which made it a promising candidate as enzyme
mimics in biotechnology and clinical diagnosis applications.

Nanoparticles Stabilized by Alkylated Cyclodextrins

Alkylated cyclodextrins such as randomly methylated p-cyclodextrin (RaMe-f-
cyclodextrin) and hydroxypropylated p-cyclodextrin (HP-f-cyclodextrin) (Fig. 5.9)
have also been used for the stabilization of metal nanoparticles.

The synthesis of ruthenium nanoparticles in water using randomly methylated
cyclodextrins as protective agents was reported for the first time by Monflier and
Roucoux (Nowicki et al. 2006; Denicourt-Nowicki et al. 2007). These cyclodextrins
had some advantages such as high solubility in water, low cost, non-toxicity, and
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2H*

sacrificial e

. Thio-p-CD D Adamantane or ursodeoxycholic acid

Fig. 5.7 Self-assembled three-component catalytic system for the photo-induced electron trans-
fer. This catalytic system is including an iridium complex as the photosensitizer, methyl viologen
as electron relay, and thiolated-P-cyclodextrin-coated platinum nanoparticles as the catalyst.
During the production of hydrogen, the photosensitizer is consumed and has to be regenerated
using EDTA as sacrificial donor. (Adapted from Contreras Carballada et al. 2012)

T™B D C H,0, D c gluconic acid
ox -TMB & H,0 + 0, glucose
mono-thio-p-

cbo
Cu NPs

Fig. 5.8 Schematic illustration of B-cyclodextrin-protected Cu nanoclusters as peroxidase mimics
for colorimetric detection of H,O, and glucose. In this catalytic system, mono-6-thio-p-cyclodextrin
is used as stabilizing agent of Cu nanoparticles but also modulator in order to increase the
peroxidase-like catalytic rate. (Adapted from Zhong et al. 2016)

availability and had already proven to be efficient phase-transfer catalysts (Leclercq
et al. 2007) (Table 5.4).

Ru nanoparticles were synthesized by chemical reduction of ruthenium trichlo-
ride with an excess of sodium borohydride in aqueous solution of randomly methyl-
ated cyclodextrins with different sizes (o, f, y) and substitution degrees. The best
compromise between the stability and activity was obtained with a cyclodextrin/Ru
molar ratio of 10, which had been considered as the standard ratio.

According to the transmission electron microscopy, ruthenium nanoparticles
were dispersed into non-ordered superstructures with an average particle size of
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G = -CH, (60%) or -H (40%)
G = -CH,CHOHCH, (20%) or -H (80%)

Fig. 5.9 Chemical structures of randomly methylated -cyclodextrin (RaMe-f-CD) and hydroxy-
propylated p-cyclodextrin (HP-p-CD)

Table 5.4 Description of randomly methylated cyclodextrins

Average number of OH groups substituted per glucopyranose

Abbreviation unit
RaMe-a-cyclodextrin 1.8
RaMe-f-cyclodextrin 1.8
(1.8)

RaMe-f-cyclodextrin 0.7
(0.7)

RaMe-y-cyclodextrin 1.8

Table 5.5 Hydrogenation of long-chain alkenes in presence of RaMe-cyclodextrin-stabilized Ru

nanoparticles®

Entry Substrate Cyclodextrin (SDY) Turnover frequency (h™!)¢
1 Decene RaMe-a-cyclodextrin 17

2 Decene RaMe-f-cyclodextrin (0.7) 18

3 Decene RaMe-f-cyclodextrin (1.8) 17

4 Decene RaMe-y-cyclodextrin 22

5 Dodecene RaMe-f-cyclodextrin (1.8) 15

6 Tetradecene RaMe-f-cyclodextrin (1.8) 12

Adapted from Denicourt-Nowicki et al. (2007)
“Reaction conditions: catalyst (1.4 x 107° mol), cyclodextrin (1.4 x 10~* mol), substrate
(1.4 x 107 mol), hydrogen pressure (1 bar), temperature (20 °C), stirring rate (1500 rpm),

10 mL water
SD substitution degree

“Turnover frequency defined as number of mol of substrate per mol of ruthenium per hour

2.5 nm. The catalytic activity of these ruthenium nanoparticles was evaluated in the
hydrogenation of various unsaturated substrates such as long-chain alkenes under

1 bar of hydrogen at room temperature (Table 5.5).
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These alkenes were totally hydrogenated to their saturated analogues with turn-
over frequencies (TOFs) ranging from 12 to 22 h~!. These TOFs are modest in
comparison to other aqueous nanocatalytic systems, but the experimental condi-
tions are less harsh. It is worth noting that the catalytic activity decreased with
increasing the chain length (C,, > C;, > Cy4). This phenomenon could be attributed
to a lower solubility of the resulting inclusion complex in water. These colloids
were also evaluated in the hydrogenation of various arene derivatives (Table 5.6).

Table 5.6 Hydrogenation of mono-substituted aromatic compounds in presence of RaMe-
cyclodextrin-stabilized Ru nanoparticles®

Turnover frequency

Entry | Substrate Cyclodextrin (SDY) Product (h™)

1 Benzene RaMe-a-cyclodextrin Benzene -

2 Benzene RaMe-f-cyclodextrin Cyclohexane 25
0.7)

3 Benzene RaMe-f-cyclodextrin Cyclohexane 25
(1.8)

4 Benzene RaMe-y-cyclodextrin Cyclohexane 10

5 Styrene RaMe-a-cyclodextrin Ethylbenzene 10

6 Styrene RaMe-f-cyclodextrin Ethylcyclohexane |9
0.7)

7 Styrene RaMe-f-cyclodextrin Ethylbenzene 9
(1.8)

8 Styrene RaMe-y-cyclodextrin Ethylcyclohexane |4

9 Ethylbenzene | RaMe-a-cyclodextrin Ethylbenzene -
10 Ethylbenzene | RaMe-p-cyclodextrin Ethylcyclohexane |9

(0.7)

11 Ethylbenzene | RaMe-f-cyclodextrin Ethylbenzene -
(1.8)

12 Ethylbenzene | RaMe-y-cyclodextrin Ethylcyclohexane |4

13 Toluene RaMe-f-cyclodextrin Methylcyclohexane | 17
(0.7)

14 Toluene RaMe-f-cyclodextrin Methylcyclohexane | 17
(1.8)

15 Allylbenzene | RaMe-p-cyclodextrin Propylcyclohexane | 8
(0.7)

16 Allylbenzene | RaMe-p-cyclodextrin Propylbenzene 34
(1.8)

17 Propylbenzene | RaMe-p-cyclodextrin Propylcyclohexane | 9
(0.7)

18 Propylbenzene | RaMe-p-cyclodextrin Propylbenzene -
(1.8)

Adapted from Denicourt-Nowicki et al. (2007)

“Reaction conditions: Ru (1.5 x 107> mol), cyclodextrin (1.5 x 10~* mol), substrate (1.5 x 10~> mol),
hydrogen pressure (1 bar), temperature (20 °C), stirring rate (1500 rpm), 10 mL water, 24 h

SD substitution degree
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Very interestingly, the hydrogenation of aromatic rings depended both on the
type of methylated cyclodextrin (o, B, y) and on the substitution degree. Indeed,
when RaMe-a-cyclodextrin was used as the stabilizer, the aromatic rings were not
hydrogenated. In contrast, their total hydrogenation was observed with RaMe-y-
cyclodextrin-stabilized Ru nanoparticles. These results can be explained by the cav-
ity size of the different cyclodextrins which leads to more or less important
interactions with the substrates. In the case of the RaMe-f-cyclodextrin, the selec-
tivities were related to the substitution degree. These catalytic results can be corre-
lated to the deeper hydrophobic host cavity of the RaMe-p-cyclodextrin with the
highest degree of substitution which can wrap more efficiently the aromatic rings of
the substrate avoiding their hydrogenation. The turnover frequency values are mod-
est compared to other catalytic systems, but the reactions were carried out at room
temperature under atmospheric hydrogen pressure.

More recently, the synthesis of Ru nanoparticles stabilized in the aqueous phase
by RaMe-B-cyclodextrin was performed following two new optimized strategies
(Guerrero et al. 2013) (Fig. 5.10).

The comparison had been made on the size and the dispersion of the resulting
particles on the one hand and also on the stability, the catalytic activity, and the
selectivity in the hydrogenation of various hydrophobic substrates on the other
hand. The one-pot approach consisted in the reduction of ruthenium trichloride
salt by hydrogen in the presence of RaMe-p-cyclodextrin in water. In contrast, the
cascade method was carried out in two successive steps. A Ru hydrosol was obtained
by controlled NaBH, reduction with dropwise addition, to avoid particle agglom-
eration. Then, RaMe-B-cyclodextrin was added in the abovementioned hydrosol.
Whatever the strategy, stable colloidal suspensions were obtained, confirming that
RaMe-B-cyclodextrin was an efficient stabilizer for Ru nanoparticles. As evidenced
by transmission electron microscopy measurements, both approaches led to well-
dispersed nanoparticles. The one-pot strategy allowed stabilizing particles with an
average diameter of 1.0 + 0.2 nm, while the cascade method led to a mean particle

RaMe-B-CD, 1 bar H,

one pot approach \
.0

RuCl; - 3H,0

cascade approach

1. NaBH,
2. RaMe-B-CD

Fig. 5.10 Two methodologies for Ru nanoparticles stabilized by RaMe-p-cyclodextrin in water.
The one-pot approach consists into the reduction of Ru metal precursor reduced under atmospheric
hydrogen pressure in the presence of RaMe-f-cyclodextrin. The cascade approach consists into the
chemical reduction of the Ru metal precursor by sodium borohydride in a first step followed by the
addition of an aqueous solution of RaMe-p-cyclodextrin in a second step. (Adapted from Guerrero
etal. 2013)
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size of 1.4 £ 0.2 nm. To have a deeper insight into the interactions between the ran-
domly methylated cyclodextrins and metal surface in both methods, diffusion
ordered spectroscopy experiments had been carried out in D,O solution. Whatever
the synthesis strategy, similar values of diffusion coefficients and hydrodynamic
radius were obtained. Contrary to what is usually observed with strongly interacting
ligands, such as phosphines, the 'H NMR experiments exhibited no significant dif-
ference in the chemical shifts of the cyclodextrins, indicating weak interactions
between RaMe-f-cyclodextrin and the surface of the metal nanoparticles.
Consequently, the authors gave a dispersive agent behavior to the cyclodextrin
instead of a stabilizing effect of a classical ligand. The catalytic activity of the Ru
nanoparticles prepared by each strategy was evaluated in the hydrogenation of sev-
eral model substrates, including 3-methylanisole, methyl-2-acetamidoacrylate, and
ethyl pyruvate, under 20 bar of hydrogen. For ethyl pyruvate and methyl-2-
acetamidoacrylate, the catalytic activities related to the nanoparticles prepared by
the cascade method were slightly higher. The possibility of recycling these catalytic
systems was investigated on the hydrogenation of ethyl pyruvate, and whatever the
strategy, it showed that four successive runs were achieved without any significant
loss of stability and activity.

More recently, these methodologies (one-pot and cascade approaches) were
extended to prepare ruthenium nanoparticles stabilized by randomly methylated
B-cyclodextrins grafted with chiral amino acid moieties, such as L-leucine and
L-alanine (Chau et al. 2013) (Fig. 5.11).

The influence of the ligand and synthesis methodology on the size, dispersion,
and surface properties was studied. These Ru nanoparticles stabilized by amino
acid-grafted RaMe-B-cyclodextrin were evaluated in the hydrogenation of prochiral
model substrates such as acetophenone, ethyl pyruvate, methyl-2-acetamidoacrylate,
and 3-methylanisole under 20 bar of H, at room temperature. The stability of the

NH, NH  NHz

b
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RaMe-B-CD-trz-Ala RaMe-B-CD-trz-Leu
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Fig. 5.11 Structure of grafted RaMe-f-cyclodextrin with chiral amino acid moieties as stabilizers
and mass transfer agents for catalytically active ruthenium nanoparticles dispersed in water for
asymmetric hydrogenation of acetophenone, ethyl pyruvate, methyl-2-acetamidoacrylate, and
3-methylanisole under 20 bar of H, at room temperature in aqueous phase. (Adapted from Chau
etal. 2013)
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aqueous colloidal suspensions under reaction conditions was established, indicating
that RaMe-f-cyclodextrin bearing optically active moieties acted as an efficient pro-
tective agent around the nanoparticle surface. In addition, the catalytic data showed
that, whatever the strategy, Ru nanoparticles stabilized by RaMe-f-cyclodextrin-trz-
Leu were more active than those capped by RaMe-f-cyclodextrin-trz-Ala (respec-
tively, 100% vs. 54% of ethyl-2-hydroxypropanoate). However, no significant
enantiomeric excess was measured probably due to the weak or deficient interaction
between the chirally modified cyclodextrin and the nanoparticle surface.

The first work of Malta on the synthesis of palladium nanoparticles stabilized by
hydroxypropyl-a-cyclodextrin for catalytic applications was reported in 2009
(Senra et al. 2009). Interestingly, the authors reported that hydroxypropyl-o-
cyclodextrin could play several roles such as capping agent like the randomly meth-
ylated cyclodextrins or thiolated cyclodextrins but also as reducing agent. A black
precipitate was obtained after the addition of hydroxypropyl-a-cyclodextrin in an
aqueous PdCl, solution. The nanoparticles were characterized by several physico-
chemical techniques that revealed the formation of spherical particles in the size
range of 2—7 nm. Further analyses by FTIR spectroscopy and '"H NMR did not show
covalent bonds between cyclodextrins and palladium nanoparticles, suggesting that
hydroxypropyl-a-cyclodextrin was only physically adsorbed on the metal surface.
These observations were presumably due to hydrophobic interactions enabling the
limitation of the mutual coalescence of nanoclusters. The catalytic activity of these
colloids was evaluated in several Pd-catalyzed C-C coupling reactions, such as
Suzuki, Heck, and Sonogashira reactions, in water with good yields, and Pd
nanoparticles stabilized by hydroxypropyl-a-cyclodextrin were reused during four
consecutive runs without any significant loss of activity. More recently, the influ-
ence of the size of the hydroxypropyl cyclodextrin (a, f, y) and the Pd-to-cyclodextrin
ratio was studied to observe eventual changes in the particle size of the resulting
particles and to exploit the surface/cavity effects in the Suzuki-Miyaura reaction
(Senra et al. 2016). The differences in catalytic activities between the Pd nanopar-
ticles stabilized by different cyclodextrins were explained by the formation of inclu-
sion complex, and the best activities were obtained with hydroxypropyl-p-
cyclodextrin which had the strongest complexation capacity.

The use of hydroxypropyl cyclodextrin as capping agent for the synthesis of sil-
ver nanoparticles was reported for the first time in 2013 (Devi and Mandal 2013). A
series of hydroxypropyl-cyclodextrin-capped Ag nanoparticles was synthesized by
the reduction of silver nitrate in alkaline aqueous medium at 60 °C. The resulting
nanoparticles were tested in the reduction of p-nitrophenol using sodium borohy-
dride. The catalytic activity of hydroxypropyl-cyclodextrin-stabilized Ag nanopar-
ticles was much higher than other cyclodextrin-capped nanoparticles. These
catalytic results were correlated with the size and morphology of the particles.
Whereas native a-cyclodextrin and p-cyclodextrin seemed to form aggregated nano-
structures, hydroxypropyl cyclodextrin (« and §) formed a chain-like assembly.

A novel hybrid nanocomposite prepared from hydroxypropyl-p-cyclodextrin and
alginate was used as stabilizer to synthesize Ag nanoparticles (Nguyen et al. 2018).
Aqueous extract of J. subtriplinerve leaves was used as reducing agent in order to
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avoid too toxic compounds such as NaBH, or hydrazine. The silver nanoparticles
were tested in the catalytic degradation of methyl orange, rhodamine, and
4-nitrophenol. 4-nitrophenol was completely converted into 4-aminophenol within
25 min when rhodamine and methyl orange were completely converted within 22 min.

Bhoi et al. (2016) prepared spherical monodispersed silver and gold nanoparti-
cles dispersed in alkaline medium by chemical reduction of the corresponding
metallic precursor using cyclodextrins such as a-cyclodextrin, P-cyclodextrin,
y-cyclodextrin, and hydroxypropyl-p-cyclodextrin as both stabilizing and reducing
agent (Fig. 5.12).

The corresponding core-shell (Ag@ Au and Au@Ag) were also synthesized via
the polyol process, and the particle size of the corresponding core-shell nanoparti-
cles was determined by static light scattering measurements (Table 5.7). All these
colloidal suspensions showed radical scavenging behavior from the quenching of 2,
2’-diphenyl-1-picrylhydrazyl light adsorption. A kinetic study had been particularly
done in the case of Ag nanoparticles, and in this case, a pseudo first-order rate con-
stant of 1.79 x 10~ min~! was obtained, but a deviation of the linearity was observed
after 80 min of reaction time which could be explained by the decrease of Ag
nanoparticle concentration.

Ag@Au NPs

AgNO, .®.
——
. Ag .

Au@Ag NPs

Fig. 5.12 Schematic representation for the formation of mono- and bimetallic nanoparticles by
chemical reduction in alkaline medium of the corresponding metal precursors (AgNO; and
HAuCl,) by cyclodextrins. The chosen cyclodextrins («, B, ¥, and hydroxypropyl-f) played a dual
role of stabilizer and reducing agent, and the resulting metal nanoparticles showed high catalytic
activity for the radical scavenging reaction of the stable free radical 2, 2’-diphenyl-1-picrylhydrazyl.
(Adapted from Bhoi et al. 2016)
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Table 5.7 Particle size of nanoparticles (in nm) with different cyclodextrin measured by static
light scattering

Cyclodextrin AgNPs* | AuNPs* | Ag@Au NPs? Au@Ag NPs*
a-Cyclodextrin 13+1 12+2 14+3 15+1
p-Cyclodextrin 12+£0.5 11+2 152 162
y-Cyclodextrin 10£1 11+1 14+1 16 +2
Hydroxypropyl-p-cyclodextrin 9+1 10+2 14+2 15+1

Adapted from Bhoi et al. (2016)
*NPs nanoparticles

5.2.3 Nanoparticles Stabilized by Polymers in the Presence
of Cyclodextrin

Nanoparticles Stabilized by a Physical Mixture of Polymer
and Cyclodextrin

Another way to stabilize aqueous dispersed metal nanoparticles is the possibility of
using water-soluble polymer in the presence of cyclodextrins. The use of cyclodex-
trins as additives in the synthesis of poly(N-vinyl-2-pyrrolidone)-stabilized metal
nanoparticles was studied (Herbois et al. 2012). For this purpose, Ru nanoparticles
were synthesized in the presence of poly(N-vinyl-2-pyrrolidone)/cyclodextrin mix-
ture with a controlled ratio, and the transmission electron microscopy images of the
corresponding particles were carefully compared. For the standard Ru nanoparti-
cles, i.e., Ru nanoparticles stabilized by poly(N-vinyl-2-pyrrolidone) alone, the par-
ticles were entrapped in string-like assemblies by the effect of
poly(N-vinyl-2-pyrrolidone) chains. The morphology did not seem to be altered by
the presence of cyclodextrin. However, a slight decrease in the mean particle size
was noticed when cyclodextrins were added to the poly(N-vinyl-2-pyrrolidone) (2.5
and 2.3 nm, respectively, for B-cyclodextrin and RaMe-f-cyclodextrin against
3.0 nm without cyclodextrin). The well-known aggregation of cyclodextrins in
aqueous solutions, which can give rise to large agglomerates in the 200-300 nm
range, was deeply disturbed by the presence of poly(N-vinyl-2-pyrrolidone).
According to the dynamic light scattering experiments, it was observed that these
cyclodextrin aggregates had the tendency to significantly disappear in the presence
of poly(N-vinyl-2-pyrrolidone) in favor of small-sized assemblies of only two or
three cyclodextrin units as evidenced by the presence of a population centered on a
mean diameter about 2-3 nm. The disaggregated cyclodextrins were assumed to
interact easier with the soluble Ru(IIl) precursor than poly(N-vinyl-2-pyrrolidone),
thus increasing the efficiency in controlling the growth of the Ru nanoparticles after
the reduction step (Fig. 5.13).

To confirm this hypothesis, an additional experiment was realized, in which
cyclodextrins were added to a preformed poly(N-vinyl-2-pyrrolidone)-stabilized Ru
colloidal suspension and kept under stirring during 24 supplementary hours.
Notably, the size range of the particles was the same to that of the control
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PVP
’ = 1. RuCl3
2 2. NaBH,
CDs desagregation 2.3 nm for RaMe-CD
2.5 nm for native CD

Fig. 5.13 Schematic representation of a proposal for the Ru nanoparticle synthesis in the presence
of a mixture of poly(N-vinyl-2-pyrrolidone) and cyclodextrin. Each part of the mixture has a spe-
cific role: the cyclodextrin can be seen as a metal particle size controller, whereas poly(N-vinyl-2-
pyrrolidone) ensures the long-term stability of the Ru particles but also allows breaking cyclodextrin
aggregates to get monomeric species to improve ruthenium ion and cyclodextrin interactions
before the reduction step. The size of the synthesized metal nanoparticles depends of the nature of
the cyclodextrins (2.3 nm for randomly methylated cyclodextrins against 2.5 nm for the native
ones). (Adapted from Herbois et al. 2012)

preparation without cyclodextrins. It is important to mention that the presence of
poly(N-vinyl-2-pyrrolidone) was crucial in order to ensure long-term stability of the
Ru nanoparticles, knowing that a ratio of poly(N-vinyl-2-pyrrolidone) to Ru higher
than 8 was absolutely required.

The influence of the quantity of cyclodextrin on the catalytic activity of the
resulting Ru nanoparticles was studied, performing for the hydrogenation of furfu-
ral, a biosourced substrate, under mild experimental conditions (30 °C, 10 bar of H,)
(Table 5.8). Whatever the poly(N-vinyl-2-pyrrolidone)/cyclodextrin ratio, the Ru
nanoparticles were visually stable, and no sedimentation was observed at the end of
the catalytic test. According to the results gathered in Table 5.8, only a small amount
of cyclodextrin was required to get an activity improvement. The obtained results
were rationalized in terms of size and morphology control of the Ru nanoparticles.
In line with what is generally observed in nanocatalysis, the decrease in the particle
size resulted in the increase of the number of available surface active sites and, con-
sequently, increased the catalytic efficiency.

In another study, Kuklin et al. (2016) investigated the role of free and supported
cyclodextrin on the selective hydrogenation of phenol to cyclohexanone in aqueous
media and a n-hexyltriethylammonium bromide ionic liquid (Ng»,Br) using Rh
nanoparticles stabilized by polyacrylic acid. Noteworthy, the catalytic activity and
selectivity of the Rh nanoparticles depended on the presence of cyclodextrin. It was
attributed to the fact that both substrate and the cyclohexenol, which was formed as
an intermediate, could form inclusion complexes with cyclodextrin (Fig. 5.14).

Upon formation of inclusion complex with the intermediate, it would be desorbed
from Rh nanoparticles. High stability of this complex made the repeated adsorption
of cyclohexenol unlikely (Fig. 5.14). The presence of ionic liquid was also crucial
as it could form inclusion complexes with cyclodextrin and fix it in the surface layer
and facilitate the desorption of cyclohexenol from the surface of Rh nanoparticles.
Other factors which affect the reaction were the nature of the cyclodextrin and the
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Table 5.8 Hydrogenation of furfural with Ru nanoparticles* (Herbois et al. 2012)

o 30 °C, 10 bar Hy, H,0 o o

PVPY/ Conversion Furfuryl alcohol selectivity

Entry | Cyclodextrin cyclodextrin (%) (%)
- 8:0 30 94

1 a-Cyclodextrin 8:2 30 95

2 y-Cyclodextrin 8:2 38 94

3 RaMe-a- 8:2 34 97
cyclodextrin

4 RaMe-y- 8:2 61 90
cyclodextrin

5 RaMe-f- 8:2 53 90
cyclodextrin

6 RaMe-f- 8: 0.5 37 97
cyclodextrin

7 RaMe-f- 8:1 52 93
cyclodextrin

8 RaMe-f- 8:4 52 90
cyclodextrin

“Reaction conditions: Ru (3.8 x 107> mol), poly(N-vinyl-2-pyrrolidone)-K30 (3.0 x 10~* mol), sub-
strate/Ru (mol/mol) = 50, H,O (12 mL), H, (10 bar), stirring rate (750 rpm), 30 °C, 1.5 h
"PVP poly(N-vinyl-2-pyrrolidone)

reaction media. Using optimum reaction condition, 80 °C, P(H,) = 10-40 bars, the
product was obtained with the yield of 100% in 1 h.

The influence of cyclodextrin derivatives X-cyclodextrins (X = OH, NH, or SH)
on the aerobic oxidative kinetic resolution of racemic secondary alcohols using
poly(N-vinyl-2-pyrrolidone)-stabilized Au nanoparticles was studied (Hirano et al.
2019). 1.8 = 0.6 nm gold nanoparticles stabilized by poly(N-vinyl-2-pyrrolidone)
were obtained after the chemical reduction of HAuCl, by NaBH,. The effect of the
coordinating ability of different cyclodextrins on the catalytic performance of the
Au nanoparticles was determined by the comparison of the s factor in the case of the
oxidation of a racemic mixture of 1-(2-naphtyl)ethanol. Native p-cyclodextrin
(X = OH) brought no modification on the selectivity of the reaction. The thiolated-
B-cyclodextrin improved the selectivity but with a dramatic activity decrease.
Amino-f-cyclodextrin (X = NH,) gave the best results both in activity and selectiv-
ity. The authors suggested, by comparing the size of the NH,-cyclodextrin and by
using a competitive guest, that the enantioselective oxidation could be explained by
an eventual inclusion of the alcohol into the chiral cavity of the cyclodextrin.
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Fig. 5.14 Proposed mechanism for the phenol hydrogenation without cyclodextrin (a) and with
the assistance of cyclodextrin (b). Phenol was firstly reduced to cyclohexenol and then to cyclo-
hexanol. Just a small amount of cyclohexenol could desorb from the catalyst and could equilibrate
itself to cyclohexanone which did not adsorb on catalyst and could not be reduced to cyclohexanol
(path a). In the presence of cyclodextrin (path b), all the cyclohexenol amount was desorbed from
the catalyst by making an inclusion complex and avoided the hydrogenation of this molecule
toward cyclohexanol. (Adapted from Kuklin et al. 2016)

Nanoparticles Stabilized by Cyclodextrin-Grafted Polymer

The first example of metal nanoparticles stabilized by a cyclodextrin-based polymer
was referenced by Shiraishi’s group (Shiraishi et al. 2007; Taylor et al. 2010).
Palladium nanoparticles were prepared by refluxing an alcohol/water solution of
palladium acetate in the presence of the cross-linked cyclodextrin-based polymer.
The catalytic activity was evaluated in the hydrogenation of unsaturated carboxylic
acids. The cavity of the cyclodextrin played a crucial role by forming inclusion
complex with the substrate. Pt nanoparticles were synthesized by the photoreduc-
tion of hexachloroplatinic acid by a UV irradiation in the presence of a cyclodextrin-
based polymer. According to transmission electron micrographs, Pt colloids with
average particle size of 1-6 nm range were observed with an increase of the average
particle size with the cyclodextrin size. The Pt colloids were tested in the superoxide



244 S. Noél et al.

anion quenching reaction and showed higher activity than polyacrylic acid-stabilized
Pt nanoparticles. These results could be explained by too strong interactions between
the metal nanoparticles and the polyacrylic acid.

Meo et al. (2012) developed a novel heterogeneous catalysts based on stabiliza-
tion of Ag nanoparticles as a core with poly-(6-N,N-dimethyl-propylenediamino)-
(6-deoxy)-p-cyclodextrin (AmCD) as a capping agent which surrounded the
nanoparticles like a shell. The synthetic procedure involved reaction of [Ag(NH;),]*
complex in the presence of a proper amount of AmCD with an excess of formalde-
hyde at 40 °C for 90 min. It was believed that the shell could act as a steric and
electrostatic barrier to avoid the aggregation. The obtained nanoparticles were then
used as catalysts for the reduction of nitroarenes in the presence of NaBH,. The
authors studied the kinetics of the reaction and the effect of the para-substituent on
the substrate and the trends of the induction period observed at the beginning of the
reaction. It was established that the presence of electron-donating groups on the
nitroarene could influence the reaction course, implying that the nanoparticle sur-
face acted as an electrophile toward the nitro group. Nevertheless, the presence of
negatively charged or bulky groups on the nitroarene had a slightly detrimental
effect, which could emerge from the difficulty for the substrate to approach the
nanoparticle surface. The AmCD-covered catalyst surface seemed less active,
because of the intrinsic stability of the substrate-AmCD inclusion complex.

In line with the stabilization of Ru nanoparticles by functionalized cyclodex-
trins, Noél et al. (2012) studied the synthesis of metal nanoparticles in the pres-
ence of cyclodextrin-based polymer leading to greater complexity of the protective
agent structure. Rhodium trichloride was reduced by sodium borohydride in the
presence of poly(mono(f-cyclodextrin-2-yl)-maleate-alt-maleate-alt-
methylvinylether) (Fig. 5.15). It could be noticed that a control experiment was
performed using the same polymer backbone but without any presence of grafted
cyclodextrin. The two colloidal suspensions were characterized by transmission

COONa

COONa

COONa OMe

Fig. 5.15 Structure of the two polymers used: poly(mono-(p-cyclodextrin- 2-yl)-maleate-alt-
maleate-alt-methylvinylether) (x = 0.04) and poly(maleate-alt-methylvinylether) (x = 0) for the
synthesis of aqueous rhodium nanoparticles. The cyclodextrin-functionalized polymer afforded to
get well-dispersed metal nanoparticles and better catalytic activities due to this good dispersion but
also to the intrinsic mass transfer property of the cyclodextrin. (Adapted from Nogl et al. 2012)
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electron microscopy, and the corresponding images clearly showed two different
types of nanoparticle organization.

Thus, for the Rh nanoparticles stabilized by the polymer containing cyclodex-
trins, a mono and well-dispersed size distribution was clearly obtained, whereas
those prepared from the cyclodextrin-free polycarboxylate (control polymer) was
organized into non-ordered superstructures, in which the nanoparticles were
entrapped in string-like assemblies with a bigger average particle size. The catalytic
properties were evaluated in the hydrogenation of various alkene and arene deriva-
tives. For instance, in the case of 1-tetradecene, the turnover frequency was equal to
2000 h=! and 420 h~! for the hydrogenation reaction catalyzed by Rh nanoparticles
stabilized by polyCOONa-f-cyclodextrin and polyCOONa, respectively. These
results were correlated with both the average particle size and the dispersion of the
rhodium nanoparticles stabilized by the above stabilizers. In order to have a better
insight into the beneficial effect of the structure of the polymer, an additional experi-
ment has been performed using a physical mixture, i.e., adding the same amount of
B-cyclodextrin in the polycarboxylate solution. The turnover frequency was very
close to the value of the polycarboxylate alone, but the colloidal suspension after the
catalytic test was unstable. All these experiments undoubtedly supported the view
that the p-cyclodextrin covalently linked to the polymer chain induced a significant
effect in terms of activity and reusability. The recyclability was studied by reusing
the aqueous catalytic layer during five successive hydrogenation runs of 1-tetradecene
with no loss of stability and activity. The rhodium leaching in the organic phase of
each catalytic test was very low (<0.2 ppm), while the transmission electron micros-
copy experiments confirmed the robustness of the colloidal suspensions, with no
change in terms of particle size and morphology.

A deeper study on the stability and the catalytic activity of the rhodium nanopar-
ticles was performed by modifying the pH value of the solution before the reduction
step and by using different ratios of grafted cyclodextrin (Noé&l et al. 2014).
According to transmission electron microscopy experiments, homogeneous disper-
sions of the metal nanoparticles were observed for the lowest initial pH value (5.1),
and, on the contrary, unstable colloids were observed for highest pH value (7.7). It
seemed that there was no link between the mean particle size and the amount of
grafted cyclodextrin onto the polymer backbone. The catalytic activities were evalu-
ated in the hydrogenation of methyl linoleate under 10 bar of hydrogen at
30 °C. Several Rh nanoparticles called controls were also synthesized (Rh nanopar-
ticles stabilized by a B-cyclodextrin and polycarboxylate mixture with a ratio cor-
responding to the grafted polycarboxylates). According to the catalytic results, the
grafted polycarboxylates gave higher activities, and, in terms of recovery, the col-
loids with the physical mixture showed stable emulsions which led to non-
recoverable catalytic systems.

Herbois et al. (2015) reported another work which consisted into the encapsula-
tion of fine water-dispersible Ru nanoparticles (with size of ~1.8 nm) into 3D
B-cyclodextrin-based polymer (poly(CTR-B-cyclodextrin) derived from controlled
polycondensation of B-cyclodextrin with citric acid). The synthetic procedure
included reduction of Ru precursor, ruthenium nitrosyl nitrate, by NaBH, in the
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presence of as-prepared poly(CTR-p-cyclodextrin). It was confirmed that carboxyl-
ate moieties in the backbone of the polymer could render the surface of the globules
negatively charged and consequently stabilize them due to electrostatic repulsion.
Moreover, these functionalities played an important role in the interaction with
Ru**, affecting the nucleation of metal clusters in the initial stages of reduction.
Finally, the catalytic utility of the hybrid system as an efficient catalyst for aqueous
phase hydrogenation of biomass-derived 2-furaldehyde and 3-(2-furyl)acrolein at
1 MPa pressure and 303 K was confirmed. Notably, the catalyst was reusable for
five reaction runs, and the transmission electron microscopy analyses demonstrated
that the reuse of the catalyst did not induce any significant change in the morphol-
ogy of the catalyst. It was suggested that the high catalytic activity and stability
came from the ability of poly(CTR-f-cyclodextrin) to provide a good balance of
stabilizing properties with the metal surface, both in terms of steric and electrostatic
interactions without hindering the catalytic activity. Additionally, each globule
could be considered as a confined space, microreactor, for promoting the hydroge-
nation process.

Another cyclodextrin-based polymer was used to stabilize ruthenium nanoparti-
cles in aqueous medium. This polymer was synthesized by reacting B-cyclodextrin
with epichlorohydrin and glycidyltrimethylammonium chloride in alkaline medium
(Noél et al. 2017). The resulting Ru nanoparticles were tested in the hydrogenation
of different petro and biosourced substrates and showed a catalytic activity close to
the Ru/poly(CTR-B-cyclodextrin) nanoparticles. Interestingly, these nanoparticles
could be used in acidic medium (pH 3) for the hydrogenation of unsaturated carbox-
ylic acids, especially linoleic and oleic acid. The catalytic system showed a strong
robustness because no loss of activity and stability had been observed by transmis-
sion electron microscopy experiments after ten consecutive runs in the tetradecene
hydrogenation.

In an interesting study, Au/Ag bimetallic core-shell nanoparticles with different
core diameters were synthesized by Haldar et al. (2014) through a B-cyclodextrin-
assisted synthetic procedure. The authors investigated the effect of core size
(10-100 nm) on the catalytic properties of the nanoparticles for the reduction of
4-nitrophenol in the presence of sodium borohydride. It was found that the catalytic
activity was influenced by the size of the core and differed from 41.8% to 96.5%.
Noteworthy, the core-shell system with core size of 100 nm was 12 times more
efficient than Au nanoparticles of the same size, indicating the effect of the core-
shell structure on the catalytic activity.

Vasconcelos et al. (2016) reported the synthesis of polyurethane nanosponges
through reaction of hexamethylenediisocyanate and P-cyclodextrin and used the
prepared nanosponges as a template for the synthesis of Au, quantum clusters, by
the core etching of glutathione-capped Au nanoparticles. The authors investigated
the effect of the Au: nanosponge ratio on the nanocluster formation step. It was
established that the longer reaction time, the smaller clusters were formed. Initially,
the clusters formed in the cavities of cyclodextrin (Au; and Au;s), while for longer
reaction time, the cluster concentration in cavities increased. Further increase in the
reaction time led to the formation of larger clusters that could not be hosted in the
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cavities of cyclodextrin but may interact with other functional groups such as car-
bonyls and nitrogenated groups. The catalytic activity of Au, clusters for reduction
of 4-nitrophenol in the presence of NaBH, was also studied. It was found that
Langmuir-Hinshelwood kinetic model fitted the reaction and the reaction proceeded
with no induction time.

Subnanometer size noble metal colloids were synthesized using a cyclodextrin
polymer-based network (from azido-p-cyclodextrin and diethynylbenzene using
click chemistry) as stabilizing agent. Transmission electron microscopy images
showed ultra-small Pd nanoparticles which were well-dispersed in the polymeric
matrix. The catalytic activity of these colloids was evaluated in the reduction of
4-nitrophenol and in a C—C coupling reaction. In the case of the 4-nitrophenol
reduction, the authors emphasize the role of the cavity of the cyclodextrin. The
cyclodextrin, whose secondary face is free, formed inclusion complex and allowed
the guest molecule to be close to the metal surface.

5.2.4 Nanoparticles Stabilized by Cyclodextrin-Based
Inclusion Complex

The combination of cyclodextrins with other stabilizing agents, i.e., alkyl ammo-
nium salts, phosphanes, and dendrimers, was also reported for the synthesis of
metallic nanoparticles dispersed into the aqueous phase. Another strategy consisted
into the combination of cyclodextrins with polymers likely to form supramolecular
complexes leading to the development of a new reaction medium named hydrogel.
Whatever the strategy, the catalytic activity of these colloidal suspensions was also
evaluated for different kinds of reactions.

Nanoparticles Stabilized by Quaternary Ammonium-Based Salts/
Cyclodextrin Inclusion Complexes

Tonic surfactants such as alkyl ammonium salts are known to be good candidates to
stabilize active metallic nanoparticles. Moreover, this family of surfactants is well
known to strongly interact with B-cyclodextrin derivatives. Randomly methylated
cyclodextrins combined with ammonium salts bearing a lipophilic chain was used
for the synthesis of aqueous Ru nanoparticles (Hubert et al. 2009) (Fig. 5.16).
NMR spectroscopic studies were performed to prove the formation of an inclu-
sion complex between RaMe-f-cyclodextrin and the chloride salt of N, N-dimethyl,
N-hexadecyl, N-(2-hydroxyethyl)ammonium (HEA16Cl) in water. The continuous
variation technique, named Job’s method, and transverse rotating-frame Overhauser
effect spectroscopy experiments emphasized the existence of such a complex. The
resulting nanoparticles were characterized by transmission electron microscopy and
showed a homogeneous distribution with an average size of about 4 nm. The
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Fig. 5.16 Aqueous ruthenium nanoparticle synthesis in the presence of RaMe-p-cyclodextrin/
HEA16CI. The ruthenium nanoparticles were stabilized by a mixture of free cyclodextrins, alkyl
ammoniums, and inclusion complexes. It was suggested that RaMe-p-cyclodextrin affected the
adsorption of the surfactant on the metal surface and prevented the double layer formation which
is observed for Ru nanoparticles stabilized by HEA16Cl alone. The cyclodextrin could act as a
spacer between the alkyl chains and reduced the intermolecular interactions, thus allowing a better
mobility and diffusion of the substrate at the vicinity of the metal surface. (Adapted from Hubert
et al. 2009)

particles were organized into superstructures similarly to those previously observed
with the Ru nanoparticles stabilized by free RaMe-f-cyclodextrin. The catalytic
activity of the Ru colloidal suspension stabilized by RaMe-f-cyclodextrin:HEA 16Cl
mixture with a ratio of 1:1 was evaluated in the hydrogenation of several functional-
ized aromatic compounds (i.e., anisole, toluene, and styrene), and their perfor-
mances were compared to the Ru nanoparticles prepared using only the ammonium
salt surfactant (Table 5.9).

Whatever the substrate, the RaMe-p-cyclodextrin/HEA16Cl-stabilized Ru
nanoparticle was the most active catalytic system, indicating a beneficial effect of
the inclusion complex as stabilizer. In the case of anisole, the catalytic activity of the
above nanoparticles was three times higher than the nanoparticles stabilized by the
ammonium surfactant. The same tendency was observed for toluene and styrene
hydrogenation. The difference of the activity was related to a different organization
of the stabilizer around the metal surface. Indeed, whereas the Ru nanoparticles
stabilized by HEA16Cl were protected by a surfactant double layer, as already
described by other groups, it was suggested that RaMe-p-cyclodextrin affected the
adsorption of the surfactant on the metal surface and prevented the double layer
formation. The cyclodextrin could act as a spacer between the alkyl chains and
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Table 5.9 Hydrogenation of aromatic compounds with RaMe-f-cyclodextrin/HEA16Cl-
stabilized Ru nanoparticles®

Entry Substrate Stabilizer Turnover frequency (h™")
1 Anisole HEA16Cl 3.4
2 Anisole RaMe-f-cyclodextrin/HEA16Cl 10.2
3 Toluene HEA16Cl1 22
4 Toluene RaMe-f-cyclodextrin/HEA16Cl 10.1
5 Styrene HEA16C1 14.3
6 Styrene RaMe-f-cyclodextrin/HEA16Cl 26.7

Adapted from Hubert et al. (2009)

aReaction conditions: Ru (3.8 x 10~° mol), HEA16Cl (7.6 x 10~° mol) or HEA16Cl
(3.8 x 10~ mol) + RaMe-p-cyclodextrin (3.8 x 107 mol), substrate (3.8 x 10> mol), hydrogen
pressure (1 bar), temperature (20 °C), stirring (1500 min~"), 10 mL water

reduced the intermolecular interactions, thus allowing a better mobility and diffu-
sion of the substrate at the vicinity of the metal surface.

More recently, Thanh Chau et al. (2016) developed a novel protective agent for
the formation of very fine Rh nanoparticles. To prepare the inclusion complexes, the
authors used randomly methylated p-cyclodextrin or its leucine-grafted analogue
(RaMeCDLeu) and an optically active ammonium salt (QCD16Br = (1S,2R,4S,5R)-
(+)-N-hexadecyl-5-vinyl-2-quinuclidinium-methanol bromide) or N, N-dimethyl-N-
hexadecyl-N-(2-hydroxyethyl)-ammonium chloride (HEA16Cl) as surfactants.
Typically, catalysts were synthesized by reduction of Rh salts by NaBH, in the
presence of cyclodextrin and surfactant. Notably, to reach stable nanoparticles, the
cyclodextrin/surfactant ratio must be optimized. By transmission electron micros-
copy analyses, it was found that the dispersion of the spherical Rh nanoparticles was
very good and their size varied from 1.2 nm to 1.5 nm depending on the type of
cyclodextrin and surfactant. It was also proven that these systems could act as effi-
cient and stable catalysts for promoting biphasic hydrogenation of various sub-
strates including ketones and olefins such as methyl-2-acetamidoacrylate, ethyl
pyruvate, or acetophenone with high catalytic activities and interesting specific
activity under mild experimental conditions.

In another study, gold nanoparticles were synthesized using a-cyclodextrin as
stabilizing agent in aqueous medium (Peng et al. 2014). The addition of a trans-azo-
benzene-based surfactant led to the phase transfer of the gold nanoparticles. By UV
irradiation, the azo-benzene compound isomerized itself giving the cis-azo-benzene
and consequently leading to the inverse phase transfer in water (Fig. 5.17). These
gold nanoparticles were tested in the 4-nitrophenol reduction using NaBH,. The
recovery and recycling can be achieved by a visible irradiation which gave again
trans form which bring the nanoparticles in organic phase.
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Fig. 5.17 Photoreversible inclusion of azo-ligand onto a-cyclodextrin-coated Au nanoparticles.
The gold nanoparticles are dispersed in organic phase. The photo isomerization of frans-azo-
benzene to cis-azo-benzene by UV light irradiation prevents the inclusion of this latter into the
cyclodextrin cavity, and a phase transfer of the gold nanoparticles is observed from organic to aque-
ous phase. The catalytic nitrophenol reduction can also be performed in aqueous phase. The cata-
lyst recovery can be effective by the reverse isomerization reaction. (Adapted from Peng et al. 2014)

Nanoparticles Stabilized by Phosphanes/Cyclodextrin Inclusion Complexes

Cyclodextrins have been used as mass transfer promoters in biphasic aqueous phase
catalysis processes using water-soluble organometallic complexes with sulfonated
phosphines as ligands since a long time. Spectroscopic studies demonstrated that,
depending on the nature and the position of the substituents on the aromatic ring,
sulfonated phosphines could interact with RaMe-p-cyclodextrin by forming inclu-
sion complexes and tune the catalytic performances of the metal centers. The idea
was to combine the advantages of a sulfonated diphosphine as water-soluble stabi-
lizer of nanoparticles with a cyclodextrin for its shuttle and supramolecular control
effects in biphasic aqueous phase catalysis (Monflier et al. 1999). Thus, ruthenium
nanoparticles were synthesized by hydrogen reduction of the organometallic ruthe-
nium complex [Ru(cod)(cot)] and stabilized either with 1,4-bis[(di-m-
sulfonatophenyl)phosphine]butane ~ (dppbs) or its combination  with
RaMe-B-cyclodextrin in tetrahydrofuran (Guerrero et al. 2013, 2014) (Fig. 5.18).
The so-obtained Ru nanoparticles were isolated by precipitation and finally easily
re-dispersed in water.
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Fig. 5.18 Synthesis of dppbs: RaMe-f-cyclodextrin Ru nanoparticle system. (Adapted from
Guerrero et al. 2013)

The synthesized nanoparticles (diphosphine alone and phosphine-cyclodextrin
mixture) were fully characterized by several techniques (transmission electron
microscopy, high-resolution transmission electron microscopy, wide-angle X-ray
scattering, dynamic light scattering, liquid and solid NMR spectroscopy). Whatever
the stabilizer (without or with cyclodextrin as co-additive), transmission electron
microscopy images showed small and well-dispersed particles with an average
diameter between 1.2 nm and 1.5 nm. The nanoparticle environment in solution was
studied by dynamic light scattering. The results showed that the hydrodynamic
radius depended on the amount of cyclodextrin present during the nanoparticle syn-
thesis which was a strong indication that the cyclodextrins surround the metal
nanoparticle surface. Resonance shifts in 'H and 3'P NMR in D,O confirmed the
presence of a weak interaction between the dppbs and RaMe-p-cyclodextrin (aro-
matic protons and protons which are in the cyclodextrin cavity). However, the addi-
tion of RaMe-p-cyclodextrin on a preformed dppbs-stabilized Ru nanoparticle
solution did not change the NMR spectra, thus evidencing that the dppbs/cyclodex-
trin complex was formed only if the diphosphine and cyclodextrin were both pres-
ent at the beginning of the synthesis.

In order to investigate the influence of the cyclodextrin on the catalytic perfor-
mances of the diphosphine-stabilized nanoparticles, the hydrogenation of model
compounds such as styrene, acetophenone, and m-methylanisole was carried out.
Based on turnover frequency values, whatever the substrate, an activity improve-
ment was observed with increasing the initial amount of cyclodextrin. More inter-
estingly, in the case of m-methylanisole, it was observed that the quantity of
cyclodextrin dramatically influenced the stereoselectivity toward the preferential
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formation of the cis isomer (51% vs. 100% for dppbs and dppbs/5.0 cyclodextrin,
respectively).

Nanoparticles Stabilized by Dendrimers

Astruc et al. (2012) exploited mono-, bis-, and tris(4-ferrocenyl-1,2,3-
triazolylmethyl)arene-p-cyclodextrin adducts, i.e., 4-methoxy-1-(4-ferrocenyl-1,2,
3-triazolylmethyl) benzene-p-cyclodextrin, p-bis(4-ferrocenyl-1,2,3-
triazolylmethyl)-benzene-f-cyclodextrin, and 1,3,5-tris(4-ferrocenyl-1,2,3-
triazolylmethyl) benzene-f-cyclodextrin, for stabilizing Pd nanoparticles (Fig. 5.19).
The reasons behind this design were the facts that ferrocene could form an inclusion
complex with cyclodextrin and led to water solubilization of the catalytic system
and the role of triazolyl group as ligand for stabilization of the Pd nanoparticles. The
transmission electron microscopy analyses showed that fine Pd nanoparticles
(5-6 nm) as well as large aggregates could be formed. The authors studied the cata-
lytic activities of the catalysts for C—C coupling reactions including Miyaura-Suzuki
and Heck reactions that were, respectively, performed at ambient temperature and
80 °C. The comparison of the catalytic performances of three catalysts established
that the bolaamphiphile-like bis- and tris-cyclodextrin systems led to much better
pre-catalysts, indicating the efficiency of encapsulation of a hydrophobic catalytic
system with two or three peripheral water-solubilizing cyclodextrin caps. The
authors studied the effect of mol ratio of Pd/cyclodextrin. Interestingly, in the case
of Miyaura-Suzuki reaction, the yield improved by increasing this value from 1 to
2. In the Heck reaction, however, the effect of this value was more pronounced. The
authors attributed the different effect of Pd/cyclodextrin ratio for Heck and Miyaura-
Suzuki reaction to the different reaction temperatures (higher temperature could
render the ferrocenyl encapsulation reversible and allowed free cyclodextrins to
inhibit the reaction through hosting Pd nanoparticles) and mechanism.

93
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Fig. 5.19 Preparation of Pd nanoparticle materials. Here, the tris(4-ferrocenyl-1,2,3-
triazolylmethyl) benzene in combination with B-cyclodextrin was used as stabilizer of Pd nanopar-
ticles in aqueous medium. The Pd(II) reduction using NaBH, gave Pd nanoparticles but also mono
Pd(0) atoms which are stabilized by the triazol groups. (Adapted from Liang et al. 2012)
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Taking advantage of Cul-catalyzed azide-alkyne cycloaddition, also known as
click reaction, Wang et al. (2016a) developed a series of ligands containing bifunc-
tional 1,2,3-triazole for stabilization of water-solubilized gold nanoparticles of
3.0-11.2 nm. In one designed ligand, f-cyclodextrin and biocompatible polyethyl-
ene glycol were substituted on the triazole ring. The authors believed that the syn-
thesized gold nanoparticles could have potential applications for encapsulation,
catalysis, and sensing and confirmed the catalytic activity of the gold nanoparticles
for reduction of 4-nitrophenol in the presence of NaBH,. Noteworthy the catalytic
activity of the Au nanoparticles stabilized by triazoles was superior (k=7.0x 1073 s71,
when 0.5% Au nanoparticles is used) to that of the thiolate Au nanoparticles. This
observation was attributed to the easier removal of the triazole ligands by the sub-
strate from the fine gold nanoparticles.

Nanoparticles Stabilized by Cyclodextrin-Based
Supramolecular Hydrogels

Moreover, more and more sophisticated catalytic systems were developed in order
to furnish active and selective catalysts playing on the confinement of the metal
nanoparticles with the substrate. Among the reported systems, hydrogel applica-
tions have become popular in a wide range of applications such as medicine, materi-
als, and catalysis. The embedment of metal nanoparticles into the
supramolecular-structured hydrogels based on host-guest interactions in the pres-
ence of cyclodextrins was investigated.

The first example had been developed by the group of Zhang in 2009. Silver
nanoparticles were embedded in a supramolecular hydrogel made from Pluronic®
F-68, an amphiphilic block copolymer of poly(oxyethylene)-poly(oxypropylene)-
poly(oxyethylene) and a-cyclodextrin (Ma et al. 2009). These colloidal suspensions
were finally used for the catalytic reduction of methylene blue in the presence of
sodium borohydride. The colloidal suspension was synthesized within two succes-
sive steps. The first step consisted into the reduction of a silver nitrate in an aqueous
solution of Pluronic® F-68 which played the role of reducing agent leading to the
formation of Ag nanoparticles. The second step evolved the addition of an
a-cyclodextrin solution to the pre-synthesized colloidal suspension conducting to
the formation of a gel due to the supramolecular self-assembly between
a-cyclodextrin and the block copolymer. These colloidal suspensions in the gel state
were fully characterized by viscosimetry measurements, wide-angle X-ray diffrac-
tion, and scanning electron microscopy. The authors clearly showed that gelation
time decreased with the increase of block copolymer concentration and that the
supramolecular hybrid hydrogels demonstrated to have predominantly a solid-like
behavior. The beneficial effect of a-cyclodextrin was evidenced in the catalytic
reduction of methylene blue. Indeed, when Ag nanoparticles were used in an aque-
ous solution of Pluronic® F-68, the relative absorbance of methylene blue decreased
very slowly, and when Ag nanoparticles were used in a hybrid hydrogel, the
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catalytic activity widely increased demonstrated by a sharp decrease of the relative
absorbance of methylene blue.

A similar strategy had been reported by Wang et al. (2010) where colloidal silver
hydrosols were synthesized using Pluronic® F-68 and then incorporated in situ into
an a-cyclodextrin-assisted supramolecular hydrogel. An absorption peak around
430 nm was observed for the synthesized silver nanoparticles that were attributed to
the characteristic surface plasmon resonance effect, showing the reduction and sta-
bilization performances of the Pluronic®F-68. According to transmission electron
microscopy images, the silver nanoparticles were deposited on the surface of
Pluronic® aggregates. Pluronic® F-68 can also interact with a-cyclodextrin, and it
was shown that the higher the Pluronic® concentration, the better the gelation pro-
cess. The effects of the silver nanoparticles on the gelation process and the hydrogel
strength were investigated through several physicochemical analyses. The catalytic
activity of the resulting hydrogel-embedded silver nanoparticles was evaluated for
the reduction of methylene blue using sodium borohydride. In the presence of the
hybrid hydrogel, methylene blue was consumed (80% converted in 10 min) which
was not the case in the absence of it. Léger et al. (2012) developed a thermorespon-
sive hydrogel for the synthesis of Ru nanoparticles and their activation for hydroge-
nation reactions. The hydrogel template properties have been taken to access
size-controlled Ru nanoparticles. More precisely, once metal nanoparticles have
been embedded into the supramolecular matrix, the system was heated above the
sol-gel transition temperature to give a sol phase where the catalytic reaction took
place. First, the polypseudorotaxane template was prepared from the mixture of the
N-alkylpyridinium amphiphilic [py-N-(CH,);;,OC¢Hs-3, 5-(OMe) ,]* (Br") and
a-cyclodextrin. The self-assembly of these molecules yielded a thermoresponsive
hydrogel with a sol-gel transition temperature of 42 °C. The synthesis of Ru
nanoparticles was realized by classical chemical reduction of ruthenium metallic
salt solubilized in hydrogel at the sol state (50 °C) by an excess of sodium borohy-
dride. Transmission electron microscopy analysis clearly showed homogeneous dis-
persion of spherical Ru nanoparticles with an average diameter of 1.6 nm within the
hydrogel network, which is smaller than that observed using surfactants or ionic
liquids as Ru nanoparticle stabilizers. This result emphasized the effective control
exerted by the hydrogel internal network structure over the Ru nanoparticle growth.
The catalytic hydrogenation of various substrates, ranging from hydrophobic long-
chain to hydrophilic olefins such as 2-methyl-3-buten-2-ol, was evaluated. Under H,
pressure ranging from 10 to 40 bar at 50 °C, turnover frequency comprised between
4 and 350 h~! was obtained. At the end of the catalytic test, after cooling to ambient
temperature, the hydrogel spontaneously returned to the gel state, and consequently
the products could be easily recovered (Fig. 5.20). The recycling of the nanoparti-
cles entrapped in the hydrogel had been successfully performed using 1-decene.

The same group had also reported a similar strategy involving the synthesis of
gold nanoparticles embedded into a thermoresponsive hydrogel made from the
combination of Tetronic® 90R4 and a-cyclodextrin and their use in the catalytic
hydrogenation of alkenes, alkynes, and aldehydes (Chevry et al. 2019). In this case,
the first step consisted into the reduction of AuCl; metal precursor in a Tetronic®
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90R4 solution at 40 °C leading to the formation of Au nanoparticles where polox-
amine played the role of the reducing agent. After heating of this solution,
a-cyclodextrin was added to the colloidal suspension, and after cooling down to
room temperature, Au nanoparticles were incorporated into o-cyclodextrin/
Tetronic® 90R4 hydrogel. The addition of a-cyclodextrin was very important
because it allowed the formation of the supramolecular hydrogel coming from the
sliding of a-cyclodextrin along the copolymer chain. Moreover, by repeating heat-
ing/cooling cycles, the authors clearly showed that the presence of a-cyclodextrin
improved the long-term stability of the Au nanoparticles by additional steric stabili-
zation effects. Colloidal suspensions were synthesized considering Au concentra-
tion ranging from 0.1 mM to 2 mM. No significant influence of the Au concentration
was noticed on the final mean diameters of Au nanoparticles always centered around
7 nm. The catalytic activity of the colloidal suspension prepared with Au concentra-
tion of 0.5 mM was particularly studied in the hydrogenation of terminal and inter-
nal alkenes and also alkynes under mild experimental conditions. Conversions were
ranging from 5% to 54% depending on the nature of the substrate. The recyclability
study was also realized in the styrene hydrogenation, and Au nanoparticles could be
reused during five successive runs without any loss of activity, showing as well the
robustness of this kind of catalytic system.

Ag nanoparticles were synthesized into thermosensitive poly(NIPAAm-co-
AMPS) hydrogels by chemical reduction of silver nitrate with sodium borohydride
(Wang et al. 2016c¢). Small-sized Ag nanoparticles were homogeneously dispersed
into this hydrogel with a mean diameter centered on 3.5 nm. In this study, the silver
colloidal suspensions were used in the catalytic reduction of 4-nitrophenol, and
a-cyclodextrin was added before the catalytic test. The catalytic activity of Ag
nanoparticles was better in the presence of a-cyclodextrin, and it was explained by
the formation of an inclusion complex between the cyclodextrin and the substrate
and a decrease of the activation energy.

Jia et al. (2015) reported a simple method for the immobilization of catalytically
active gold nanoparticles in acrylate «-cyclodextrin-modified poly(N-
vinylcaprolactam) microgels. According to transmission electron microscopy
images, monodispersed gold nanoparticles with an average diameter of 5—-6 nm
were obtained without addition of any reducing agent. The reduction of the gold
ions can be explained by the presence of the hydroxyl groups of poly(N-
vinylcaprolactam) microgels. The homogeneous distribution of the particles could
be attributed to the acrylate a-cyclodextrin through the capping efficiency on the
surface of the gold particles due to the carboxylate-gold interactions. The immobi-
lization of the gold particles did not influence the swelling-deswelling properties of
the microgels. The poly(N-vinylcaprolactam)-a-cyclodextrin gold composite parti-
cles showed efficient catalytic activity for the reduction of aromatic nitro com-
pounds. The host-guest capacity of cyclodextrin was proven through the reduction
of p-nitrophenol, and the catalytic activity was much higher than in the case of
dimethyl-p-nitrophenol.

In the same way, a thermosensitive catalytic system based on silver nanoparticles
immobilized into a network of poly(NIPAAm-co-AMPS) hydrogels was studied
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Fig. 5.21 Polyrotaxane synthesized by Gao and co-workers for the deposition of platinum
nanoparticles in order to get nanowires. The catalytic activity is evaluated in the 4-nitrophenol
reduction using sodium borohydride. (Adapted from Wu et al. 2010)

(Wang et al. 2016c¢). The catalytic performances could be adjusted by choosing the
adequate reaction temperature. The post-addition of a-cyclodextrin improved the
catalytic activity by forming a complex with the 4-nitrophenol.

The complexation of guest molecules in the cyclodextrin cavity had also been
studied with polymers. For example, Li et al. (1994) had put forward the formation
of inclusion complexes called polypseudorotaxanes between poly(ethyleneglycol)
and a-cyclodextrin in the 1990s. In order to immobilize cyclodextrin along the poly-
mer chain, a large number of polymers with stoppers, called polyrotaxanes, had
been reported. Thus, Wu et al. (2010) succeeded in stabilizing platinum nanoparti-
cles in a water/ethylene glycol mixture, in the presence of a polyrotaxane in which
a-cyclodextrin was threated onto poly(ethyleneglycol) chains capped with triazole-
B-cyclodextrins (Fig. 5.21). The Pt nanoparticles were tested in the reduction of
4-nitrophenol by sodium borohydride. The authors assume that the high catalytic
activity came from the high density and high surface area of the nanoparticles that
had been adsorbed on the surface of the template.

5.3 Nanoparticles Immobilized on a Support in the Presence
of Cyclodextrin

Another strategy consists into the immobilization of metal nanoparticles on a sup-
port in order to improve the stability of these nanoheterogeneous catalysts.
Moreover, the interaction between the support and nanoparticles could also influ-
ence the catalytic activity and the selectivity of the reaction. Considering the state
of the art for nanoparticles immobilized on a support in the presence of cyclodex-
trin, two main strategies have been reported; whatever the nature of the support, it
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Fig. 5.22 General scheme involving the different ways of synthesis of nanoparticles immobilized
on a support in the presence of cyclodextrin. The one-step method involves multi-task properties
of the cyclodextrin: stabilizing agent, active phase dispersing agent, mass transfer agent, reducing
agent in some cases. The two-step method involves the immobilization of preformed metal parti-
cles where cyclodextrins have different roles: stabilizing agent for the synthesis of the metal par-
ticles or preformed metal nanoparticle dispersing agent immobilized onto/into the support

means inorganic supports or organic supports. It could be done regarding two differ-
ent ways of preparation: (1) the one-pot method where the synthesis of nanoparti-
cles is realized in the presence of the support and (2) the two-step method where the
synthesis of nanoparticles is realized before the addition of the support. Whatever
the strategy which will be considered, the multiple roles of the cyclodextrin
described in the first part of this chapter related to the synthesis of the nanocatalysts
and also to the catalytic processes will be further discussed in this part. All of the
strategies mentioned before will be detailed above in this second part (Fig. 5.22).

5.3.1 Nanoparticles Immobilized on a Support Considering
One-Step Method

Nanoparticles Immobilized on a Support in the Presence
of Non-grafted Cyclodextrin

A cooperation of cyclodextrin with heterogeneous metal nanocatalyst was reported
by Tang et al. (2015). They synthesized silver nanoparticles supported on cellulose
nanocrystals and studied the reduction of 4-nitrophenol using NaBH, as reducing
agent. The initial rate was improved in the presence of native 3-cyclodextrin, which
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can be explained by host-guest interactions between 4-nitrophenol and
B-cyclodextrin.

In an attractive research, Li et al. (2014) benefited from the hybrid of
B-cyclodextrin and graphene nanosheets as a support for the synthesis of Pt nanopar-
ticles. This hybrid material was prepared through a simple wet chemical method
which included the formation of graphene nanosheets-cyclodextrin material via
reduction of graphene in the presence of cyclodextrin and hydrazine followed by the
addition of PtCl¢> and its subsequent reduction by sodium borohydride or formic
acid leading to a heterogeneous catalyst with a hydrangea-like morphology. The
authors believed that combination of cyclodextrin and graphene nanosheets could
furnish a support with high surface area, conductivity, and recognition property.
Noteworthy, the content of cyclodextrin was estimated to be 32 wt% which made
the hybrid system water soluble. The hybrid system was successfully used as an
electrocatalyst for the oxidation of MeOH with the catalytic activity and CO toler-
ance superior to those of conventional catalysts such as Pt/graphene nanosheets and
Pt/Vulcan X72R. The higher catalytic activity, which made this electrocatalyst very
promising for the use in direct methanol fuel cell, was attributed to the well disper-
sion of Pt nanoparticles and their specific morphologies.

Patil et al. (2018) prepared ruthenium nanoparticles supported on cyclodextrin-
modified graphene oxide for the selective aerobic oxidation of alcohols in aqueous
medium but also in stilbene derivatives’ hydrogenation. NaBH, reduced both ruthe-
nium precursor and graphene oxide in the presence of RaMe-f-cyclodextrin in a
one-pot strategy. RaMe-f-cyclodextrin not only acted as a capping agent for Ru
nanoparticles but also intercalated between the layers of graphene oxide and func-
tionalized the surface of reduced graphene oxide by H bonding. The amount of
RaMe-B-cyclodextrin in rGO @Ru-RaMe-f-cyclodextrin was found to be 42.33 wt%
by thermogravimetric analysis when the amount of Ru, determined by ICP-AES
analysis, was about 2.5%. The best catalytic results related to the piperonyl alcohol
oxidation were obtained with rGO@Ru-RaMe-f-cyclodextrin in the presence of
K,CO;. After this optimization step, the catalyst was tested for a wide range of ben-
zylic alcohols with various substituents such as Cl, NO,, NH,, or OMe. Yields rang-
ing from 88% to 94% were obtained with selectivities higher than 99%. This
heterogeneous catalyst was also active in the reduction of several alkenes such as
stilbene and its derivatives. The recyclability of rGO@Ru-RaMe-f-cyclodextrin
was studied, and a slight decrease of the catalytic activity was observed after five
runs which could came from the leaching of Ru, confirmed by ICP-AES, and also
the leaching of RaMe-f-cyclodextrin, confirmed by thermogravimetric analysis.

The group of Montazer studied the influence of the amount of native -cyclodextrin
in the synthesis of a nanocomposite. Ag/TiO, was prepared by addition of a solution
containing cyclodextrin and silver to a TiO, dispersion under irradiation (Attarchi
etal. 2013). They studied the influence of the amount of f-cyclodextrin, and accord-
ing to dynamic light scattering experiments, the average hydrodynamic diameter in
water increased with the amount of cyclodextrin which was still present in the com-
posite. The methylene blue photodegradation was studied with these composite
nanomaterials, and the reactivity was faster with Ag/TiO,/p-cyclodextrin (65% of
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degraded methylene) than pure TiO, (39%) or Ag/TiO, (52%). These results can be
explained by the strong affinity of cyclodextrin toward TiO, surface via the outer
hydroxyl groups of the cyclodextrin making a bridge between the titanium oxide
and methylene blue. Moreover, cyclodextrin could act as a host molecule. However,
the use of excess cyclodextrin had a detrimental role in the degradation rate.

Another study reported the synthesis of Ag-p-cyclodextrin/TiO, loaded onto acti-
vated carbon by using microwave-assisted procedure and its use for the photocata-
lytic degradation of naphthalene (Chen et al. 2018). In comparison to some control
catalysts, the best catalytic activities were obtained with Ag-p-cyclodextrin/TiO,/
AC catalyst due to host-guest interactions between p-cyclodextrin and naphthalene
leading to an increase of the interactions between the substrate and TiO, surface.

A nanocomposite based on iron oxide nanoparticles and p-cyclodextrin
(Fe;0,@p-cyclodextrin) was prepared via a one-pot strategy by mixing iron salts
and p-cyclodextrin in sulfuric acid aqueous solution (Wang et al. 2016b). According
to transmission electron microscopy images, Fe;O, and Fe;0,@ 3-cyclodextrin par-
ticles were spherical with an average diameter between 10 nm and 20 nm. X-ray
diffraction patterns indicated a spinel structure with no crystal structure modifica-
tion in the presence of B-cyclodextrin, but the intensity of the peaks decreased. This
composite was tested in the 4-chorophenol degradation using hydrogen peroxide.
According to the kinetic following, the composite was 2.3 times more active than
the iron oxide alone. This catalytic activity enhancement can be explained by host-
guest interactions between p-cyclodextrin and the 4-chorophenol.

Hydroxypropyl-p-cyclodextrin was used both as fullerene [60] dispersing agent
in water and stabilizing agent for the synthesis of supported Pd nanoparticles for
electrocatalytic applications (Zhang et al. 2015). Two controls, i.e., Pd nanoparticles
synthesized without hydroxypropyl-p-cyclodextrin and one without fullerene, were
considered to show the beneficial effect of the Cg-hydroxypropyl-p-cyclodextrin
combination. According to transmission electron microscopy experiments, a uni-
form size distribution and a good adsorption of the Pd nanoparticles on fullerene
were observed on the composite material. Aggregates were obtained without cyclo-
dextrin, and a less uniform distribution was obtained without fullerene. According
to X-ray diffraction patterns, neither hydroxypropyl-p-cyclodextrin nor Cq, had
influence on the nanoparticle crystallinity, but the adsorption of hydroxypropyl-f-
cyclodextrin on the fullerene surface was observed by elemental mapping measure-
ment. According to thermogravimetric analysis, the cyclodextrin content was around
5%. The catalytic activity of Pd nanoparticles supported on the composite material
was evaluated in the ethanol electrooxidation. Pd supported on hydroxypropyl-f-
cyclodextrin/Cq, showed better electrocatalytic activity which was explained by a
smaller size and a better distribution of the nanoparticles onto the support.

The synthesis of carbon-based cobalt oxide (Co;0,/C) and gold nanoparticles
immobilized on Co;0,/C using several ways (impregnation, microwave irradiation,
impregnation, and microwave irradiation) in aqueous medium in the presence of
B-cyclodextrin was recently reported (Kepeniené et al. 2020). These materials were
evaluated in the catalytic oxygen reduction reaction, and the Au supported on
Co0;0,/C gave the highest activities.
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Nanoparticles Immobilized on a Cyclodextrin-Grafted Support

Another strategy consisted in the use of cyclodextrin-decorated magnetic nanopar-
ticles. In this context, y-Fe,0;@SiO,-cyclodextrin core-shell hollow sphere can be
mentioned (Sadjadi et al. 2017). The hybrid system was developed by initial synthe-
sis of y-Fe,0;@Si0, core-shell system followed by amine functionalization by
using 3-N-(2-(trimethoxysilyl)ethyl)methanediamine and subsequent reaction with
tosylated cyclodextrin. The system was then applied for the immobilization of silver
nanoparticles which were reduced and capped by Hollyhock flower extract. Notably,
upon introduction of non-magnetic component, the maximum saturation magneti-
zation (Ms) value of the hybrid system did not decreased remarkably compared to
bare Fe,O;. Finally, the catalytic activity of the ternary hybrid was studied for
ultrasonic-assisted A* and KA? coupling reactions of phenyl acetylene, amines,
aldehydes, or ketones. The results established the excellent performance of the mag-
netic hybrid system, which was superior to some of previous reports. Hot filtration
test confirmed that the silver leaching was considerably controlled and the catalyst
could be reused up to four reaction runs.

In another example, Azaroon and Kiasat (2018) developed an organometallic
magnetic catalyst for selective reduction of nitro functionality to corresponding
amine compounds. To prepare the catalyst, magnetic hydroxyapatite (HAp)
v-Fe,O;@HAp was first synthesized, and its surface was amine functionalized. The
final catalyst was obtained through reaction with 1,1-carbonyldiimidazole-f-
cyclodextrin followed by incorporation of silver nanoparticles. The authors believed
that the cavity of cyclodextrin could stabilize silver nanoparticles and avoid them
from aggregation. Notably, the catalyst, y-Fe,O;@HAp-cyclodextrin.Ag, could be
recovered magnetically and recycled for five reaction runs with negligible loss of
the catalytic activity.

Chalasani and Vasudevan (2013) developed cyclodextrin-functionalized Fe;O,@
TiO, core-shell nanoparticle via a two-step process. Initially, spherical Fe;O, nano-
crystals were prepared via thermal decomposition of FeOOH in a high boiling octa-
decene solution and covered by a titania shell through the hydrolysis of tetrabutyl
titanate. The resultant compound was then capped with carboxymethyl-p-
cyclodextrin in the presence of carbodiimide (Fig. 5.23). The transmission electron

—_—
carbodiimide, 90°C

tetrabutyl titanate
acetylacetone, 90°C

Fe,0, Fe;0,/ TiO, CM-B-CD-Fe;0,/ TiO;

Fig. 5.23 Preparation of carboxymethyl-p-cyclodextrin-Fe;0,@TiO,. Firstly, magnetic nanocrys-
tals as cores were prepared through thermal decomposition of FeOOH and then coated with titania
shell. Then, the nanoparticles were capped with carboxymethyl-p-cyclodextrin. (Adapted from
Chalasani and Vasudevan 2013)
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microscopy analysis revealed that the nanocrystals had the mean diameter of 12 nm
and core of about 9 nm. The hybrid system was used as a photocatalyst for the deg-
radation of bisphenol A and dibutyl phthalate, in aqueous media. Notably, the cata-
lytic performance of cyclodextrin-functionalized Fe;0,@TiO, core-shell
nanoparticle was higher than that of Fe;O,@TiO, core-shell nanoparticles. This
could be attributed to the role of carboxymethyl-p-cyclodextrin coming from its
ability to disperse the nanoparticles in the aqueous phase and to form an inclusion
complex with pollutants. The authors believed that this cost-effective catalyst could
be simply recovered and reused.

Sadjadi (2018) reported p-cyclodextrin-decorated halloysite nanoclay (Hal) as a
potential support for the immobilization of Pd nanoparticles. The hybrid catalyst,
Pd@Hal-T-cyclodextrin, was simply prepared through Cl-functionalization of hal-
loysite nanoclay and its subsequent reaction with thiourea and tosylated cyclodex-
trin (Fig. 5.24). Pd@Hal-T-cyclodextrin was successfully used for catalyzing copper
and ligand-free Sonogashira coupling reaction under mild reaction conditions.
Noteworthy, the catalyst was recyclable and could be successfully recovered and
recycled up to five reaction runs.

Khalafi-Nezhad and Panahi (2014) introduced an organic-inorganic hybrid cata-
lyst, PANP-silica cyclodextrin, by the synthesis of 1-10 nm Pd nanoparticles in the
presence of cyclodextrin grafted onto silica. The catalytic activity of the hybrid
catalyst was studied for Heck coupling reaction. Notably, the catalyst exhibited high
reusability and could be reused up to six reaction runs with only negligible loss of
the catalytic activity.

In another attempt, Martina et al. (2016) developed an efficient, green, and rapid
microwave-assisted protocol for ligand-free Suzuki and Heck C—C coupling reac-
tion as well as semi-hydrogenation of phenyl acetylene by using a novel catalyst,
Pd/Si-cyclodextrin. The catalyst was prepared though reaction of
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Fig. 5.24 The schematic process for the fabrication of Pd@Hal-T-cyclodextrin. Halloysite nano-
clay was first Cl-functionalized and then reacted with thiourea and tosylated cyclodextrin. The
prepared support was applied for Pd stabilization. It is presumed that the presence of cyclodextrin
in the structure of the catalyst could act both as a capping agent for Pd nanoparticles and a phase-
transfer agent for the hydrophobic substrate in coupling reaction. (Adapted from Sadjadi 2018)
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(3-glycidoxypropyl)methyltriethoxysilane and silica SIPERNAT. The modified sil-
ica, Si-GPMS, reacted with 10-undecynil-1-amine under microwave irradiation to
afford Si-G-Und. The latter reacted with 6-monoazido-p-cyclodextrin in the pres-
ence of ascorbic acid and CuSO,-4H,0 to furnish Si-cyclodextrin which subse-
quently tolerated reaction with Pd(OAc),. Pd nanoparticle immobilization on
Si-cyclodextrin was achieved through reduction of Pd salt in EtOH or H,O. This
step could be carried out under ultrasonic irradiation. It was found that the presence
of cyclodextrin could increase the Pd content in the final catalyst. Moreover, this
value was affected by the solvent and the reaction condition used in the final step.
The highest loading, 6 wt%, was observed upon using EtOH under reflux condi-
tions. Noteworthy, cyclodextrin also affected the size distribution of Pd nanoparti-
cles. Studying the reusability of the catalyst for four reuses established only slight
loss of the catalytic activity. High yields, low reaction times, and low amount of the
catalyst were other benefits of this protocol.

Considering the potential of cyclodextrin as both reducing agent and dispersant,
Li et al. (2015) designed and synthesized a p-cyclodextrin and multiwalled carbon
nanotube hybrid material for deposition of PtRh nanoparticles through a one-pot
hydrothermal approach (Fig. 5.25). Briefly, a solution of $-CD in water was added

HzPtClg + RhCl3
NaBH,4

hydrothermal
synthesis

H,PtClg + RhCl3

hydrothermal
synthesis

Fig. 5.25 Schematic illustration of the fabrication of PtRh/acid-treated carbon nanotubes (upper)
and PtRh/f-cyclodextrin-carbon nanotubes (below). As depicted, for the preparation of PtRh/p--
cyclodextrin-carbon nanotubes, an aqueous solution of cyclodextrin and multiwalled carbon nano-
tube suspension was sonicated, and then the metal precursors were added, and the mixture was
hydrothermally treated. In the case of PtRh/AO-carbon nanotubes, however, multiwalled carbon
nanotube was acid treated, and the metallic particles were obtained via reduction by NaBH,
Notably, in the case of PtRh/B-cyclodextrin-carbon nanotubes, the nanoparticles with smaller sizes
and better dispersion were obtained. (Adapted from Li et al. 2015)
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to the suspension of multiwalled carbon nanotubes and then sonicated. The solu-
tions of metal precursors were introduced, and the obtained mixture was subjected
to the hydrothermal treatment. FTIR analysis of this composite material was done,
and it clearly showed that p-cyclodextrin was attached to the surface of the pristine
carbon nanotubes. Moreover, the amount of pB-cyclodextrin attached to the multi-
walled carbon nanotubes was determined by thermogravimetric analysis experi-
ment and was about 9.3% in the PtRh/p-cyclodextrin-CNT material. The obtained
hybrid system, PtRh/B-cyclodextrin-CNTs, was used as an electrocatalyst for pro-
moting methanol oxidation. The authors also compared the efficiency of the
cyclodextrin-containing hybrid with the PtRh nanoparticles supported on multi-
walled acid-treated carbon nanotubes (AO-CNTs) which was obtained through
reduction by NaBH,. The results established the smallest size and highest disper-
sion of the metallic components in PtRh/p-cyclodextrin-CNTs and consequently
excellent electrocatalytic activity compared to PtRh/AO-CNTs. Notably, the authors
studied the effect of Pt/Rh atomic ratio and found the atomic ratio of 1:1 as the
best choice.

In another report, Sadjadi et al. (2018b) covalently conjugated carbon nanotubes
(CNT) with cyclodextrin nanosponges (CDNS) and applied the hybrid system as a
heterogeneous support for the immobilization of Pd nanoparticles. The hybrid sys-
tem Pd@CDNS-CNT that benefited from the chemistry of both carbon nanotubes
and cyclodextrin nanosponges chemistry was then used as an efficient catalyst for
catalyzing the ligand and copper-free Sonogashira and Heck coupling reactions in
aqueous media. The comparison of the catalytic activity of PA@CDNS-CNT with
that of control catalysts, PA@CNT, Pd@CDNS, and Pd@CNT + CDNS, estab-
lished that the hybrid catalyst exhibited superior catalytic activity, indicating that
hybridization of carbon nanotubes and cyclodextrin nanosponges was more effec-
tive than the use of each one separately or as individual. The recyclability of the
catalyst up to six reaction runs was also confirmed.

Taking advantage of p-cyclodextrin-decorated reduced graphene oxide (rGO) as
support, f-cyclodextrin-rGO, Ran et al. (2017) developed a mild and efficient pro-
cedure for the synthesis of very small (size of 2 nm) and well-dispersed Pd-Pt bime-
tallic nanoclusters, Pd-Pt@ f-cyclodextrin-rGO (Fig. 5.26). The synthetic process
took place in an aqueous solution at ambient temperature and considering a very

2. NaBH,

Fig. 5.26 Schematic presentation for the preparation of the Pd-Pt@ p-cyclodextrin-reduced gra-
phene oxide nanohybrid using the in situ reduction method. The presence of cyclodextrin in the
structure of the support prevented the bimetallic clusters from aggregation and led to the formation
of small particles with high dispersion. (Adapted from Ran et al. 2017)
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short reaction time of 30 min in the absence of organic solvents. FTIR experiment
was done, and it clearly showed that p-cyclodextrin was attached to reduced gra-
phene oxide. By thermogravimetric analysis, the amount of p-cyclodextrin was
determined and was about 28 wt%. This grafting of f-cyclodextrin could prevent the
aggregation of the bimetallic clusters. The hybrid system was used as an electro-
catalyst for promoting methanol and ethanol oxidation. The comparison of the cata-
lytic activity of this hybrid system with conventional Pd/C and Pd@p-CD-rGO,
Pt@pB-CDrGO, and Pd-Pt@rGO confirmed its superior catalytic activity, poison
tolerance, and durability which could emerge from very tiny size, high monodisper-
sity, and uniformity of bimetallic catalyst, using a hybrid support with high surface
area and synergistic effects due to the coexistence of Pd and Pt atoms on the surface.

Putta et al. (2015) disclosed a novel hybrid system, Pd@cyclodextrin-graphene
nanosheets, containing Pd nanoparticles, -cyclodextrin, and graphene nanosheets
with the utility as a catalyst for promoting phosphine-free Suzuki-Miyaura, Heck-
Mizoroki, and C-C coupling reactions in aqueous media. To prepare cyclodextrin-
graphene nanosheets, the suspension of graphene oxide in deionized water was well
dispersed by using ultrasonic irradiation and mixed with the solution of
B-cyclodextrin and ammonia. Then, hydrazine solution was added, and the resulting
mixture reacted under stirring to afford cyclodextrin-graphene nanosheets. To incor-
porate Pd nanoparticles, cyclodextrin-graphene nanosheets in ethanol were dis-
persed and reacted with PdCl,. Ethanol played the role of green solvent and in situ
reducing agent. The Pd loading in the final catalyst was calculated to be 6.2 wt%.
The authors believed that the presence of cyclodextrin on graphene nanosheets
could stabilize the Pd nanoparticles, improve their dispersion, and avoid agglomera-
tion. Moreover, the cyclodextrin cavity could serve as an inclusion site for the
reagents. These factors as well as “Breslow effect” and formation of ternary cyclo-
dextrin/substrate/additive complexes on the Pd-graphene nanosheet surface led to
high catalytic activity of the hybrid system. Notably, the catalyst was reusable and
could promote four successive reaction runs with loss of the catalytic activity to
some extent (about 20% for the fourth reaction run compared to the first run). The
hot filtration test as well as ICP-AES analysis proved 0.31 wt% Pd leaching in the
reused catalyst after three reaction runs compared to fresh catalyst. Low amount of
the catalyst, high yields, green and simple procedure, and wide substrate scope were
the merits of this strategy.

To improve the water disposability of fullerene, Cg, it was modified with
hydroxypropyl-p-cyclodextrin. The hybrid system was then applied for supporting
Pdnanoclusters with mean particle size of 2.5 nm (Zhang et al. 2015). Hydroxypropyl-
B-cyclodextrin acted as a coordination agent and surfactant and improved the dis-
parity and compositional uniformity of nanoparticles. The hybrid system with an
electrochemical surface area of 41.6 m? g=! exhibited outstanding electrocatalytic
activity for the oxidation of formic acid. Moreover, the much more negative onset
potentials and better stability compared to electrodes modified by other electrocata-
lysts were observed, implying the promising utility of this system for use in a direct
formic acid fuel cell.
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Fig. 5.27 Representation of electrochemically sensing of RhB (the blue star) based on
B-cyclodextrin-Au-nanoparticles/hollow carbon nanosphere nanohybrids. As shown, for the syn-
thesis of the catalyst, SiO, particles were reacted with dopamine (DA) to form silica@polydopa-
mine. The latter was then carbonized and silica template was removed by treating with
HE. Subsequently, the resulting hollow carbon nanospheres were used for Au immobilization.
Finally, Au-nanoparticles/hollow carbon nanospheres were mixed with cyclodextrin and sonicated.
(Adapted from Yi et al. 2015)

Considering the high electrocatalytic activity of Au nanoparticles, the recogni-
tion ability and hydrophilicity of cyclodextrin, and high surface area and electro-
chemical features of hollow carbon nanospheres (HCNS), Yi et al. (2015) developed
an Au-based hybrid system, -cyclodextrin-AuNPs/HCNS, based on the initial syn-
thesis of silica@polydopamine followed by carbonization to afford hollow carbon
nanospheres and subsequent introduction of gold nanoparticles and B-cyclodextrin
(Fig. 5.27). The resulting nanocomposite was used as an electrode material to detect
RhB by electrochemical method. The comparison of the performance of
B-cyclodextrin-Au nanoparticles/HCNS/GCE (GCE stands for glassy carbon elec-
trode) with HCNS/GCE and Au nanoparticles/HCNS/GCE established the superior
performance of the former, the detection limit of 0.96 pg L', indicating the syner-
gistic effects between the three components, cyclodextrin, hollow carbon nano-
spheres, and gold nanoparticles.

Among the different organic supports which could be considered in order to sup-
port metal nanoparticles, the use of polymer network has also been reported. Huang
et al. (2019) had reported in 2019 the use of cyclodextrin polymer networks deco-
rated by different metal nanoparticles. In this case, ultra-small noble metal nanopar-
ticles based on Pd, Ag, Pt, Au, and Rh were prepared by a simple chemical reduction
of the metal precursor by sodium borohydride. Ultra-small nanoparticles were
obtained with mean diameters ranging from 0.5 nm to 0.9 nm, respectively, for Ag
nanoparticles and Pd nanoparticles. The Pd nanoparticles deposited onto cyclodex-
trin polymer networks were fully characterized by powder X-ray diffraction,
HAADF-STEM, X-ray photoelectron spectroscopy, and ICP. The authors clearly
showed the importance of 1,2,3-triazolyl groups in order to obtain very small
nanoparticles dispersed homogeneously onto the cyclodextrin polymer network.
Finally, the catalytic activity of these Pd nanoparticles was evaluated in the reduc-
tion of 4-nitrophenol. The beneficial effect of the cyclodextrin was evidenced by a
reaction conducted in the presence of 1-adamantane carboxylate sodium salt
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(ACNa) which is known to strongly interact with p-cyclodextrin. A decrease of the
conversion was observed in the presence of ACNa in comparison with the catalytic
test made without ACNa. Indeed, the adsorption of 4-nitrophenol onto Pd nanopar-
ticle surface could be enhanced by the complexation of 4-nitrophenol with
B-cyclodextrin. The recyclability of this catalytic system was also studied, and it
was reused during seven successive catalytic runs without any loss of activity and
increase of the mean diameter of the Pd nanoparticles. Moreover, these Pd nanopar-
ticles revealed to be active in the hydrogenation of a wide variety of nitroarenes and
also in the Suzuki-Miyaura coupling reaction.

Palladium nanoparticles were immobilized on cyclodextrin-modified
poly(amidoamine)s (PAAs) by a chemical reduction of Pd(OAc), in dimethylsulf-
oxide (Zhang et al. 2019). FTIR data confirmed the presence of the polymer and the
cyclodextrin structures in the material. Scanning electron microscopy image showed
that the Pd nanoparticles were uniformly dispersed onto the PAAs-cyclodextrin
with a globular radius of 10 nm. The catalytic activity of these supported Pd
nanoparticles was evaluated in the Suzuki reaction in aqueous medium. The tem-
perature and the nature of the base were studied for the optimization of the reaction
between the phenylboronic acid and 4-bromoethoxybenzene. The catalyst showed
good activities which is probably due to the cyclodextrin moiety which ensured a
good dispersion of the heterogeneous catalyst in water. The beneficial effect of the
cyclodextrin through inhibitive experiments using adamantane was confirmed by an
activity decrease. The study was then extended to a variety of aryl halides, and the
cross-coupling products were obtained from moderate to excellent yields. The cata-
lytic system could finally be recycled by maintaining activity after six succes-
sive runs.

The development of nanofibers has received an increasing interest since several
years. This kind of material could be considered for the development of heteroge-
neous catalysts by the deposition or the incorporation of metal nanoparticles onto
and into the nanofibers. The group of Uyar is a precursor in this field. Indeed, in
2019, they reported the incorporation of Ag nanoparticles into nanofibers made
from the electrospinning of hydroxypropyl-p-cyclodextrin solution containing Ag
nanoparticles (Celebioglu et al. 2019b). In this case, Ag nanoparticles were synthe-
sized before the electrospinning step using hydroxypropyl-p-cyclodextrin as reduc-
ingagentofsilvermetal precursorinanalkalinesolution. Hydroxypropyl-p-cyclodextrin
was also used for the production of the nanofiber mats. The catalytic nanofibers
were prepared starting from a dimethylformamide solution or an aqueous solution.
Ag nanoparticles were homogeneously dispersed onto the nanofiber mats, and the
mean diameter of Ag nanoparticles increased when the nanofibers were prepared in
dimethylformamide instead of aqueous solutions and when the amount of silver
increased in the nanofiber mats from 1 wt. % to 2 wt. %. Indeed, the mean size of
Ag nanoparticles in the fiber matrix produced from dimethylformamide increased
from 3.5 nm to 4.8 nm for, respectively, 1 wt. % and 2 wt. % of Ag loading. And the
mean size of Ag nanoparticles in the fiber matrix produced from aqueous solutions
increased from 1.9 nm to 2.3 nm for, respectively, 1 wt. % and 2 wt. %. The same
tendency was observed for the mean diameter of the electrospun nanofibers. The
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antibacterial properties of the nanofiber mats against gram-negative (E. coli) and
gram-positive (S. aureus) were finally evaluated. These hydroxypropyl-p-
cyclodextrin/Ag nanoparticles composite nanofibers showed antibacterial activities,
and it was directly due to the presence of Ag nanoparticles in the nanofiber mats.

The same strategy was considered by the same team for the incorporation of Pd
nanoparticles into cyclodextrin nanofibers which were used for the catalytic reduc-
tion of nitroarene (Celebioglu et al. 2019a). These nanocomposite nanofibers were
prepared by electrospinning a hydroxypropyl-p-cyclodextrin solution containing
Pd(OAc), as palladium precursor. Hydroxypropyl-p-cyclodextrin played the role of
reducing agent of the palladium source and was very important in order to manufac-
ture the electrospun nanofibers. Different parameters such as the Pd loading and the
nature of the solvent were studied. These composite nanofibers were fully charac-
terized by FTIR, transmission electron microscopy, scanning electron microscopy,
and X-ray photoelectron spectroscopy. Pd nanoparticles were homogeneously dis-
persed into and onto the nanofibers with mean diameter ranging from 3.7 and 4.9 nm
depending on the nature of the solvent or the Pd loading. These nanofibers contain-
ing Pd nanoparticles were catalytically active in the reduction of 4-nitrophenol into
4-aminophenol with turnover frequency ranging from 10.17 h=! to 12.25 h='. The
authors clearly showed the multiple role of hydroxypropyl-p-cyclodextrin for the
preparation of these catalytic nanofibers; it means the role of reducing agent of pal-
ladium metal precursor, the role of stabilizing agent of Pd nanoparticles, and also
the role of handy nanofibrous carrier matrix.

Another strategy has been developed by the same team and consisted into the
production of cyclodextrin nanofibers by the electrospinning of an aqueous solution
of hydroxypropyl-p-cyclodextrin containing a multifunctional cross-linker
(1,2,3,4-butanetetracarboxylic acid, BTCA) in order to improve the robustness of the
nanofibers. After manufacturing of these poly-cyclodextrin nanowebs, Pd nanopar-
ticles were supported onto this material by atomic layer deposition (Celebioglu et al.
2017). Transmission electron microscopy measurements clearly showed that Pd
nanoparticles were homogeneously dispersed onto the nanofiber mats with a mean
diameter centered on 4.34 nm. These nanofibers were used for the catalytic reduction
of 4-nitrophenol which was completely converted into 4-aminophenol within 35 min.
The reusability of these catalytic nanofibers was also studied, and it was possible to
reuse the Pd nanoparticles deposited onto electrospun nanofibers during five succes-
sive runs without any loss of activity which clearly showed that the Pd nanoparticles
were strongly anchored onto the poly-cyclodextrin nanowebs.

Yi et al. (2013) employed p-cyclodextrin for modification of multiwalled carbon
nanotubes (MWCNT) immobilized on Ti plates to prepare a novel electrode on
which binary Pd-Ni nanoparticles were electrodeposited. It was confirmed that
incorporation of p-cyclodextrin could improve the dispersion of nanoparticles and
led to nanoparticles with smaller sizes compared with the material without
B-cyclodextrin. The authors studied the electrocatalytic performance of the electrode
for alcohol electrooxidation and compared it with those of PANI/MWCNT/Ti and
PdNi/Ti. The results established the superior electrocatalytic activity of the former.
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Shen et al. (2013) synthesized a composite material based on reduced graphene
oxide rGO/p-cyclodextrin/TiO, in a one-pot hydrothermal strategy. FTIR analysis
clearly showed that B-cyclodextrin molecules were still attached to the surface of
rGO. Moreover, by transmission electron microscopy, the author explained that the
sheets tend to form small aggregates due to the cross-linked rGO sheets with
B-cyclodextrin molecules. In this composite material, p-cyclodextrin acted as a
linker between rGO and TiO, nanoparticles. The photocatalytic and adsorption effi-
ciencies are higher than rGO/TiO, or rGO/p-cyclodextrin materials which can be
explained by the interactions between the three components.

Sadjadi et al. (2018a) disclosed the utility of a hybrid system composed of hal-
loysite nanotube and cyclodextrin nanosponges (CDNS), prepared from reaction of
cyclodextrins monomers and diphenyl carbonate, for the immobilization of Pd
nanoparticles. To suppress the leaching of Pd nanoparticles, graphitic carbon nitride,
g-C3N,, was also introduced to the hybrid system via hydrothermal treatment
(Fig. 5.28). The final catalytic system, Pd@Hal-CDNS-g-C;N,, was successfully
used for promoting ligand and copper-free Sonogashira and Heck coupling reac-
tions under mild and environmentally benign conditions. The authors believed that
cyclodextrin nanosponges could contribute to the catalysis through formation of
inclusion complex with the substrates and closing them to the catalytic sites.
Notably, the catalyst showed high recyclability, up to ten consecutive reaction runs
with slight loss of the catalytic activity and Pd leaching. Using control catalysts, the
authors also confirmed the contribution of each hybrid components to the catalysis
as well as the synergism between them.

5.3.2 Nanoparticles Immobilized on a Support Considering
Two-Step Method

Among the different methods reported for obtaining well-dispersed supported
metallic nanoparticles, the deposition of metallic nanoparticles onto a porous sup-
port from stabilized colloidal suspensions has received attention since 2005. For
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Fig. 5.28 The procedure for the preparation of Pd@Hal-CDNS-g-C;N,. As shown, cyclodextrin
nanosponges (CDNS) was first prepared and amine functionalized and then reacted with
Cl-functionalized halloysite nanoclay. In the next step, the as-prepared hybrid was palladated and
hydrothermally reacted with g-C;N,. It is believed that cyclodextrin nanosponges served as a
phase-transfer agent, while g-C;N, could suppress Pd leaching. (Adapted from Sadjadi et al. 2018b)
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example, Ponchel and co-workers have studied the preparation of carbon-supported
ruthenium catalysts for gas-phase hydrogenation reactions (Denicourt-Nowicki
et al. 2008; Wyrwalski et al. 2011). The idea was to take advantage of an efficient
anchoring of the metallic nanoparticles onto the carbon support via hydrophobic
interactions coming from the presence of the cyclodextrin. To validate the strategy,
a series of carbon-supported ruthenium nanocatalysts were prepared by the adsorp-
tion on a porous activated carbon of Ru nanoparticles preformed in aqueous solu-
tion by chemical reduction of RuCl; in the presence of RaMe-cyclodextrin («, 3,
and vy). Nitrogen adsorption measurements showed that the immobilization of the
RaMe-cyclodextrin-stabilized Ru nanoparticles deeply affected the textural proper-
ties of the porous carbon material. Moreover, thermogravimetric measurements
proved that the prepared catalysts were thermally stable up to 235 °C under both
inert and reducing atmospheres. Finally, the study of the dispersion and morphology
of the supported particles was carried out by transmission electron microscopy anal-
ysis. For instance, the transmission electron microscopy characterization of the
Ru-3-B-cyclodextrin/C sample showed that nanoparticles had a spherical shape with
an average diameter of 2.4 nm. The catalytic activity of the Ru nanoparticles was
evaluated in the hydrogenation of xylene isomers in gas phase at 85 °C. The cata-
lytic results had clearly shown that the cyclodextrin-based Ru catalysts were more
efficient than the control Ru/C. Moreover, the catalytic activity depended on the
cyclodextrin size and initial cyclodextrin/Ru ratio. In terms of stereoselectivity, the
trans to cis ratio was improved in the presence of cyclodextrin-based catalysts and
thus whatever the substrate. These results can be explained by several factors such
as the dispersion of the active species through a promoting effect of the cyclodextrin
and the host-guest interactions occurring between the substrate and cyclodextrin,
which is adsorbed onto the nanoparticles.

The generation of materials from the incorporation of metal particles into poly-
mer matrix received a growing interest due to applications in electrocatalysis such
as methanol oxidation (Chen et al. 2014) or dioxygen electroreduction (Gopalan
et al. 2006; Chen et al. 2015). For example, gold nanoparticles were stabilized by an
inclusion complex of cyclodextrin with 4-aminothiophenol. These nanoparticles
were then electrochemically deposited on glass electrode forming Au(0) nanopar-
ticles and poly(aminothiophenol). A repairable catalytic system was considered on
the basis of pre-synthesized gold nanoparticles stabilized by thiolated-f-cyclodextrin
and porous nickel (PNi) containing azobenzene compounds to adsorb these metal
nanoparticles by the formation of an inclusion complex (Zhou et al. 2017). The high
specific surface area and connected porous structure of porous nickel provided a
good opportunity to achieve the multivalent interactions between p-cyclodextrin-Au
nanoparticles and PNi@IPTS-Azo. Additionally, the reactant solution could be cat-
alyzed by flowing through the pores of the PNi@IPTS-Azo@p-CD-AuNPs. This
catalytic model showed a high efficiency close to 95%. Because of the reversible
multivalent host-guest interactions between thiolated p-cyclodextrin and azoben-
zene, the catalytic system could be regenerated by removing the deactivated Au
nanoparticles with UV light irradiation and recombining new ones through in situ
multivalent interactions. Because of the large specific surface area and connected
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porous structure of nickel, a large number of Au nanoparticles could be anchored on
the surface through multivalent host-guest interactions, and the reactant solution
could be catalyzed by flowing through the pores. Because of the photoisomerization
property of azobenzene, the multivalent host-guest interactions between
f-cyclodextrin and azobenzene could be removed by UV irradiation. Thus, the gold
nanoparticles could be anchored on or removed from the surface of the porous
nickel. Different electrocatalysts were prepared by increasing the gold amount.
These electrocatalysts had been evaluated in the oxygen electroreduction and com-
pared to the unmodified electrode. The authors observed an activity enhancement
for the poly(aminothiophenol)-Au,,,, which can be explained by small crystallite
sizes and good distribution of gold nanoparticles on the surface of the polymer.
Platinum nanoworms self-assemble with a B-cyclodextrin polymer/reduced gra-
phene oxide via the use of 4-aminothiophenol as nanoparticle capping agent incor-
porated in the cyclodextrin cavities (Gopalan et al. 2006). The cyclodextrin-based
polymer was synthesized by cross-linking f-cyclodextrin with epichlorohydrin and
the graphene oxide from natural graphite. The polymer of cyclodextrin was modi-
fied on graphene oxide, and the resulting composite was dispersed in ethanol and
mixed with polyaminothiophenol. The modified graphene oxide was reduced by
hydrazine and filtered before the addition of Pt nanoworms. The interactions of the
4-aminothiophenol and the polymer of cyclodextrin were evaluated by UV-Vis
spectroscopy and by FTIR spectroscopy. One interaction gave a red shift corre-
sponding to the thiol/amino group from 251 nm to 256 nm. Moreover, all the char-
acteristic peaks of 4-aminothiophenol were not observed because 4-aminothiophenol
molecules were embedded inside the cyclodextrin cavity, lowering the vibrations of
absorption bands. Energy-dispersive X-ray spectroscopy experiments were per-
formed to determine the content of the platinum nanoworms anchoring on the com-
posite. The main elements which were found were Pt, C, N, O, and S, confirming
that both inclusion complex-based polymer and platinum were anchored on reduced
graphene oxide. Thermogravimetric analysis confirmed the above results. This het-
erogeneous catalyst had proved to be electrocatalytic active for oxygen reduction
reaction and was stable because no significant decrease of the current response was
observed after 1 week.

In 2015, pre-synthesized gold nanoparticles were adsorbed on the same compos-
ite (cyclodextrin-based polymer with reduced graphene oxide) (Chen et al. 2015).
Moreover, the surface properties were characterized by static contact angles where
the more polymer is adsorbed on reduced graphene oxide, the stronger the hydro-
philicity of the composite is. The interactions of the 4-aminothiophenol and the
polymer of cyclodextrin was evaluated by UV-Vis and '"H NMR spectroscopy. The
presence of the gold nanoparticles on the composite material was confirmed by
UV-Vis spectroscopy by the observation of one red shift of the surface plasmon
resonance of gold nanoparticles, from 522 nm to 568 nm, due to the interaction of
the 4-aminothiophenol with the particles. This interaction gave another red shift
corresponding to the thiol/amino group from 251 nm to 253 nm. Structural analyses
were also performed (X-ray diffraction and energy-dispersive X-ray spectroscopy).
The catalytic activity of these materials was evaluated in the oxygen
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electroreduction in a 0.1 M H,SO, solution under several atmospheres. According
to the voltammetric data, the Au nanoparticles supported on 4-ATP_p-CDP/rGO
showed a good activity toward oxygen reduction. The catalytic activity increased
with the Au nanoparticle loading.

Immobilized gold nanoparticles (Fe;0,@Au) were synthesized through a self-
assembly route between thiolated-p-cyclodextrin gold nanoparticles and ferrocenyl-
functionalized iron oxide Fe;0, nanoparticles (Qu et al. 2018). This catalyst showed
a high catalytic activity in the reduction of 4-nitrophenol in comparison of control
experiments. The Fe;0,@ Au ensured good recyclability by an easy recovery due to
the magnetic properties of the support and by keeping the catalytic activity even
after ten runs. The catalyst could be disassembled via redox properties by using
hydrogen peroxide. This latter oxidizes the ferrocenyl moiety, and the correspond-
ing oxidized product could not interact with the cyclodextrin cavity, leading to the
disassembly process.

Combining the advantages of click chemistry and supramolecular assembly, Li
et al. (2016) developed a novel hybrid nanocatalyst containing a movable platinum
nanocluster encapsulated in temperature- and pH-responsive polymer brushes deco-
rated through a template-assisted protocol. The authors studied the catalytic activity
of the inorganic-polymer nanocomposite for the reduction of 4-nitrophenol in the
presence of NaBH,. The results established the high catalytic activity and reusabil-
ity of the catalyst. It is suggested that the hairy hybrid nanorattles which contained
the hydrophilic poly(N-vinylcaprolactam) brushes on their surface could improve
the dispersion in the aqueous media. Notably, diverse catalysts of this type could be
prepared by altering the thickness of PIMAA-co-(PMA-click-p-cyclodextrin)] shell
and the length of poly(N-vinylcaprolactam) brushes and changing the size of SiO,
intertemplate layer during the sol-gel process into a cross-linked p-cyclodextrin
polymer network.

5.4 Conclusion

This chapter has highlighted several historical roles of the cyclodextrin in catalysis
using metal nanoparticles as active phase; whatever the nature of the catalyst, it
means solvent-dispersed nanoparticles or nanoparticles immobilized on a support.
Indeed, cyclodextrin as stabilizing agent of metal nanocatalyst has been widely
studied since the first study of Komiyama and Hirai in 1983. The stability, the cata-
lytic activity, and the recyclability of the resulting nanoparticles have been improved
by using more complex cyclodextrin-based protective agents. From the first studies
using native cyclodextrins to cyclodextrin-based polymers or rotaxanes, native and
functionalized cyclodextrins have proven their ability to protect metal nanoparticles
against agglomeration via different stabilizing properties (electrostatic, steric, and
electrosteric). Most of the examples reported in this chapter clearly showed that
cyclodextrin-based systems have improved both the average size decrease and the
dispersion of the metal nanoparticles in comparison to their free cyclodextrin
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controls leading to the enhancement of their catalytic activity. According to several
studies, cyclodextrins could be also used as reducing agents of metal precursor by
their sugar-like reducing properties.

Due to a dynamic organization at the surface of metal nanoparticles, the classical
mass transfer property of cyclodextrins has also been exploited with solvent-
dispersed nanoparticles or nanoparticles immobilized on a support. The catalytic
activity is generally improved thanks to the inclusion complex formed between the
substrate and the cyclodextrin via hydrophobic interactions. This inclusion complex
could also, in some cases, improve the selectivity of the reaction by inhibiting some
side reactions. Cyclodextrins could also serve as agent to get confining catalytic
systems by forming supramolecular hydrogels where the metal nanoparticles can be
embedded. This confinement could improve the selectivity of the reaction, the cata-
lytic activity by enhancing the proximity between the substrate and the metal par-
ticles, and also the stability leading to longer lifetime which is very important from
an economical point of view.

The combination of cyclodextrin and polymer in a physical mixture and as
cyclodextrin-based polymer where the cyclodextrin is directly incorporated into the
polymer structure has recently proven to be very promising both in the use of
nanoparticles dispersed into a solvent or immobilized on cyclodextrin polymer
where it could play the role of stabilizing agent and also the role of support.

In the near future, the perspectives and the challenges are numerous concerning
the development of nanoheterogeneous catalysis in the presence of cyclodextrin.
Indeed, in terms of nanocatalyst design, in order to draw a parallel with the supra-
molecular chemistry defined by Jean-Marie Lehn, it would be very interesting, in
the case of cyclodextrin-based nanoheterogeneous catalytic systems, to develop
more complex and more controlled structures in order to work at a higher-
dimensional scale. The preparation of supramolecular materials could lead to some
synergistic effects with the aims to improve the catalytic activity or selectivity, for
example. The design of cyclodextrin-based metal-organic frameworks containing
metal nanoparticles could answer to some of these issues. From a catalytic point of
view, always keeping in mind the multi-task agent properties of cyclodextrin for the
development of nanoheterogeneous catalysis, it would be innovative to consider
multimetallic nanocatalysts applied for cascade reactions for the valorization of bio-
sourced compounds.
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