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ABSTRACT: We report the synthesis of ceria/polymer hybrid nanoparticles and their use
as effective supported catalysts for the hydration of nitriles to amide, exemplified with the
conversion of 2-cyanopiridine to 2-picolinamide. The polymeric cores, made of either
polystyrene (PS) or poly(methyl methacrylate) (PMMA), are prepared by miniemulsion
copolymerization in the presence of different functional comonomers that provide carboxylic
or phosphate groups: acrylic acid, maleic acid, and ethylene glycol methacrylate phosphate.
The functional groups of the comonomers generate a corona around the main polymer
particle and serve as nucleating agents for the in situ crystallization of cerium(IV) oxide. The
obtained hybrid nanoparticles can be easily redispersed in water or ethanol. The conversion
of amides to nitriles was quantitative for most of the catalytic samples, with yields close to
100%. According to our experimental observations by high-performance liquid
chromatography (HPLC), no work up is needed to separate the product from unreacted
substrate. The substrate remains absorbed on the catalyst surface, whereas the product can

be easily separated. The catalysts are shown to be recyclable and can be reused for a large number of cycles without loss in

efficiency.
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B INTRODUCTION

Well-known for their excellent catalytic properties, metal oxides
are also known for having certain limitations, such as the
tendency to aggregate, a difficult dispersibility/redispersibility
in different solvents, and weak mechanical strength.1 An
increasingly used strategy to overcome these limitations is the
combination of the metal oxide nanoparticles with polymers to
produce polymer/inorganic hybrid materials, which are able to
combine features of both types of materials to yield products
with enhanced properties.

Hybrid nanoparticles represent a particular case of hybrid
materials with very high potential in catalysis. Several
approaches to obtain hybrid nanoparticles have been studied
in the past few years, employing organic additives or polymer
templates and involving often the use of low molecular or
copolymeric surfactants as main actors in the interfacial
chemistry between the organic and inorganic components.””
In the past, long polyelectrolyte chains were grown on the
surface of polymer particles and their behavior in the presence
of salts to obtain noble metals was extensively investigated.*””
This type of approach was also extended to the immobilization
of TiO, on polystyrene particles functionalized with sodium
sulfonate brushes.'’ By using different synthetic pathways, in
situ deposition on polymer particles has also been reported for
other metal oxides, hydroxides, and chalcogenides, including
Zn0,'""? Fe,0, and Fe,0,,'* Ce0,,"* In(OH),,"* ZnS,'* or
cds.®

In the literature, there are few examples of polymer-
supported cerium(IV) oxide (or ceria, CeO,) in which the
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hybrid particles are prepared starting from nanosized metal
oxide formed ex situ'® or crystallized by hydrothermal method
on electrospun cellulose fibers.'” Our group showed recently
that ceria can be crystallized in a controlled manner on the
surface of polymer nanoparticles functionalized by miniemul-
sion copolymerization with surface-active functional comono-
mers (ie., so-called “surfmers”, monomers that act simulta-
neously as a surfactant, without need of further stabilization of
the droplets).'” Although surfmers allow for a precise surface
functionalization and crystallization, their synthesis may be
time-demanding, which limits the scaling up the process for
practical applications. On the contrary, the approach reported
here is a “one-pot” process that could be easily scaled up.
Cerium oxide is a well-known catalyst, mainly due to the
redox activity of the couple Ce(IV)/Ce(IlI), with a change
from one oxidation state to the other depending on the
reaction conditions.'® The oxidation of CO is one of the
reactions in which CeO, catalysts are most commonly used,
followed by the oxidation of hydrocarbons. In both cases, CO,
is the main product, making ceria a very useful catalyst to
reduce the amount of pollutant from exhaust. For this field of
applications, ceria is often supported on alumina,'®~>!
silica,>™* active carbon,® and occasionally on zeolite.”
CeO, finds also applications in many other reactions. The
interesting acid—base properties in combination with the redox
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behavior allow ceria to catalyze a wide range of organic
reactions, including those Ereferentially catalyzed on acid—base
sites (i.e., dehydration’”*® and ketonization®”*°), those
preferentially catalyzed by redox centers (i, reduction and
oxidation of organic compounds®'), and those requiring both
acid—base and redox sites (ie., addition,>*>* substitution,
isomerization, and ring opening35). Typically, an eflicient
activity of ceria requires a calcination step to ensure the
complete conversion of cerium hydroxides, and also quite high
reaction temperatures (150—400 °C).

As a model catalytic reaction with significant industrial
importance, we consider here the hydration of nitriles to
amides. Traditional methods involve the use of strong acid or
base catalysts, which has as drawbacks the over hydrolysis of
amides into carboxylic acids and the formation of salts after
neutralization of the catalysts. Different types of catalysts have
been tested, including both homogeneous (e.g, pt(11),>¢
Ru(1I),*” Co(111),*® and Mo(IV)** complexes) and heteroge-
neous (e.g, Ru(OH); supported on alumina*’ and MnO,"").
CeO, has also been shown to act as a selective heterogeneous
catalyst for the hydration of nitriles that have a heteroatom (N
or O) adjacent to the @ carbon of the CN group.**

In the present work, we present a synthetic pathway to have a
ceria catalyst in a water medium, supported on polymer
nanoparticles, easily redispersible in polar media and easily
recoverable by centrifugation, without the requirement of any
calcination step. The approach is much simpler than previously
reported work, as the original polymer particles are simply
functionalized with commercially available comonomers. We
show how the colloidally stable ceria/polymer hybrid nano-
particles can act as efficient catalysts for the hydration of nitriles
in aqueous media.

B EXPERIMENTAL SECTION

Chemicals. Methyl methacrylate (MMA, 99%, Merck) and styrene
(99%, Fluka) were passed through an aluminum oxide column before
use for removal of the stabilizer. Acrylic acid (AA, 99%, Fluka), maleic
acid (MA, 99%, Sigma-Aldrich), ethylene glycol methacrylate
phosphate (EGMP, 99% Sigma-Aldrich), sodium dodecyl sulfate
(SDS, 99%, Roth), Lutensol AT 50 (99%, BASF, a poly(ethylene
oxide)-hexadecyl ether with an ethylene oxide block length of about 50
units, BASF), 2,2’-azobis(2-methylbutyronitrile) (AMBN, 99%, Wako
Pure Chemical Indrustries), Ce(NO,);:6H,0 (99%, Fluka), and
NaOH (99%, Riedel-de-Haén), ethanol (analytical grade, Fisher
Scientific), and 2-cyanopyridine (99%, Sigma-Aldrich) were used as
received.

Synthesis of Functionalized Polymer Nanoparticles. The oil
phase was prepared by stirring the main monomer (MMA or styrene,
5.76 g), hexadecane (250 mg), and AMBN (100 mg) for 30 min. The
aqueous phase was prepared by dissolving the surfactant, either
Lutensol AT 50 (500 mg) or SDS (100 mg), and the functional
comonomer (AA, MA or EGMP, 0.24 g) in water (24 g). The oil and
the water phases were mixed and pre-emulsified by stirring for 1 h.
Afterward, the mixture was ultrasonified for 2 min (Branson Sonifier
W-450D, 1/2-in. tip, 90% amplitude, 1.0 s pulse, 0.1 s pause), while
cooling in an ice—water bath to avoid polymerization due to heating.
The polymerization reaction took place in a closed round flask placed
in an oil bath at 72 °C under stirring for 16—18 h. The size of the
particles was characterized by dynamic light scattering (DLS)
measurements at 90° (Submicron Particle Sizer NICOMP 380), and
the surface charge density was determined by so-called polyelectrolyte
titration (Metrohm 702 SM Titrino), that is, by titrating the negative
charges with an aqueous solution of the oppositely charged
polyeletrolyte poly(diallyldimethylammonium chloride).**

The particle dispersions were purified by “centrifugation dialysis”
with Amicon Ultra-4 centrifuge tubes (30k MWCO) according to the

following procedure: 500 uL of latex and 500 yL of water were placed
in the upper section of the tube and 6.5 mL of water in the lower part.
The tubes were centrifuged three times at 4000 rpm for 30 min,
changing each time the water in the lower part of the tube and adding
500 uL of additional pure water in the upper section. The dialyzed
latex was transferred in a vial and diluted with water to reach a total
volume of 20 mL.

Crystallization of Ceria on Polymer Nanoparticles. For the
metal oxide formation, a dispersion amount corresponding to 30 mg of
dry particles were diluted in 25 mL of an aqueous solution containing
Ce(NO;); (65 mg). The oxide precipitation was conducted by
dropping 5 mL of a 30 mM NaOH aqueous solution, dropped at a rate
of S mL/h and stirred for 16—18 h. The resulting hybrid particles were
characterized by scanning electron microscopy (LEO 1530 Gemini)
and transmission electron microscopy (Jeol 1400). X-ray diffraction
(XRD) patterns of powder samples dried under vacuum at 40 °C were
recorded in a Philips PW 1820 diffractometer using Cuy, radiation (4
= 1.5418 A) . The inorganic content of the samples was determined by
thermogravimetric analysis (Mettler Toledo TGA-851, heating rate: 10
°C/min) and the surface area was determined by nitrogen absorption
at 100 °C according to a Brunauer—Emmett—Teller (BET) isotherm
in a Quantachrome Autosorbe-1 equipment.

Catalysis Experiments (Hydration of Cyanopiridine). Each
sample was weighted in a round flask to have a content of 20 mg of
CeO,, taking into account the inorganic content of the hybrid particles
estimated by thermogravimetric analysis (TGA). The particles were
stirred with a 1:1 H,O/ethanol mixture (2 mL) until a good
redispersion was achieved. After addition of 2-cyanopiridine (135 mg,
1.3 mmol), the reaction flask was heated at 80 °C for 16 h. Afterward,
the particles were washed and centrifuged three times with ethanol.
The product was collected and dried under vacuum at room
temperature, and the yield measured by high-performance liquid
chromatography (HPLC) by using an Agilent Series 1200 chromato-
graph equipped with a Quartenary Pump Series 1100 and a
photodiode array detector (DAD) set at a wavelength of 260 nm.
The chromatography was conducted with a RP-Phase Macherey-Nagel
HD18 column (length, 125 mm; diameter, 4 mm; particle size, S ym)
running at 20 °C with a flow of 1 mL/min. The amount of injected
samples was always 4 pL, eluted by a gradient of tetrahydrofuran/
(water + 0.01% trifluoroacetic acid) starting at 2/98% up to 100% of
tetrahydrofuran in 10 min.

For the study of the kinetics, 100 uL aliquots were taken from the
reaction bulk after 0.25, 0.5, 1, 2, 4, 6, 8, and 24 h. Each sample was
washed three times with ethanol and centrifuged to separate the
catalyst (i.e., the hybrid particles). Finally, the extracted product was
dried and the yield was obtained by HPLC analysis under the
conditions described above.

B RESULTS AND DISCUSSION

Surface-functionalized polymer nanoparticles, comprising a
core of either polystyrene (PS) or poly(methyl methacrylate)
(PMMA) and a functional corona of carboxylic or phosphate
groups, were first synthesized by miniemulsion copolymeriza-
tion. Afterward, cerium(IV) oxide (Ce,O) nanoparticles were
crystallized in situ on the surface of the polymer particles by
following a procedure previously reported by our group.'?
Figure 1 depicts schematically the preparation of the ceria/
polymer hybrid nanoparticles. Differently from unsupported
ceria nanoparticles, our supported catalysts (i.e., ceria crystal-
lized on the surface of polymer particles) are homogeneously
dispersed in the aqueous suspension and can be very easily
separated after the catalyzed reaction has finished.

1. Synthesis of Ceria/Polymer Hybrid Nanoparticles.
Acrylic acid (AA), maleic acid (MA), or ethylene glycol
methacrylate phosphate (EGMP) were chosen as functional
comonomers to provide a negative charged functionalization to
the surface of the particles. Two different surfactants were
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Figure 1. Schematic representation of the preparation of ceria/
polymer hybrid nanoparticles by miniemulsion polymerization
followed by in situ crystallization on the particle surface.

employed to stabilize the nanodroplets: an ionic surfactant
(sodium dodecyl sulfate, SDS) and a poly(ethylene oxide)-
based nonionic one (Lutensol AT 50). By using surfactants of
different nature, we aimed to have a complete study of the
system and an evaluation of how the ionic or nonionic
character of the surfactant can affect the efficiency of the in situ
crystallization.

The hydrophilic groups of the functional comonomers tend
to be placed at the interface and exposed to the water phase.
The latex corona is comprised of the hydrophilic component of
the surfactant (either the sulfate groups of SDS or the
poly(ethylene oxide) segments of Lutensol AT S50) and
hydrophilic segments of the copolymer formed between styrene
or MMA and the hydrophilic functional comonomer. A certain
concentration of hydrophilic groups will be present at the
surface of the particles.

The main difference between the resulting particles is the
surface charge density (Table 1), with higher values of charged
groups per surface area for SDS-stabilized particles, in
coherence with the ionic nature of the surfactant. As a general
trend, the presence of the three comonomers exhibit, as

expected, an increased number of charged groups. The only
rather anomalous low values were those obtained for latexes
prepared by copolymerization of MMA with maleic acid and
with EGMP in the presence of the surfactant Lutensol AT 50.
The low surface charge density and the low stability of these
latex samples suggest a nonefficient copolymerization between
MMA and the two comonomers under the synthesis
conditions.

Regarding the particles size, SDS-stabilized particles are in a
range of 80 to 140 nm, whereas those prepared with Lutensol
AT 50 are slightly bigger, ranging from 140 to 220 nm (Table
1).

2. Formation of Metal Oxide on the
Surface. The formation of metal oxides on
functionalized nanoparticles requires in the first place an
accurate removal of surfactant, monomer and oligomer
molecules that are not strongly bound to the surface. This
purification step is necessary to avoid weak interactions
between cerium(IV) oxide and the particle surface leading to
the loss of inorganic crystals, which would reduce the efficiency
of the surface crystallization.

The process started by adding the metal salt precursor to the
latex dispersion for complexation of the metal ions to the
functional groups of the oligomeric hydrophilic chains (cf.
Figure 1). After a sufficient interaction time, the precipitating
agent was dropped at a controlled rate under stirring to ensure
the complete crystallization of the metal oxide in the form of
small crystallites at the particle surface. The amount of
inorganic content, determined by thermogravimetrical analysis
(TGA), ranged between 20 and 30% for all samples (Table 1).
Nitrogen adsorption measurements, using the Brunauer—
Emmett—Teller (BET) model, gave values of specific surface
area between 12 and 18 m*/g for the pure polymer particles
and 29—30 m?/g for the hybrid particles after crystallization of
ceria.

Similar morphological features were confirmed for all
samples by electron microscopy (Supporting Information,
Figures S1 and S2). Scanning and transmission electron
micrographs of two representative samples, namely poly-

Nanoparticle
the surface of

Table 1. Characteristics of the Catalytic Ceria/Polymer Hybrid Particles Prepared in This Work, Together with the Product
Yield Obtained in Their Presence for the Conversion of 2-Cyanopiridine to 2-Picolinamide (Last Column)

sample no. copolymers® surfactant diameter (nm)b
1 S Lut. AT 50 140 + 40
2 S SDS 100 + 20
3 S/AA Lut. AT 50 140 + 20
4 S/AA SDS 90 + 25
S S/MA Lut. AT 50 140 + 20
6 S/MA SDS 130 + 30
7 S/EGMP Lut. AT 50 140 + 10
8 S/EGMP SDS 130 £ 10
9 MMA Lut. AT 50 220 + 60
10 MMA SDS 80 + 30
11 MMA/AA Lut. AT 50 180 + SO
12 MMA/AA SDS 140 + 20
13 MMA/MA Lut. AT 50 140 + 40
14 MMA/MA SDS 140 + 40
1§ MMA/EGMP Lut. AT 50 150 + 40
16 MMA/EGMP SDS 120 + 30

surface charge density (charged groups/nm?)°

inorganic content (%)?  product yield (%)

0.08 + 0.01 0.0

0.66 + 0.02 0.0

2.62 + 0.04 22.8 99.9
1.22 £ 0.01 21.6 99.9
1.04 + 0.03 314 99.9
2.08 £+ 0.03 21.2 99.9
2.83 + 0.06 272 99.1
1.34 +£ 0.03 22.5 99.9
0.24 + 0.01 0.0

0.71 £ 0.01 0.0

1.94 + 0.02 27.0 9S
2.65 + 0.02 214 96.9
0.64 + 0.02 26.5 87.1
1.84 + 0.02 20.8 99.9
091 + 0.03 229 87.3
1.93 + 0.04 19.2 96.2

“S, styrene; MMA, methyl methacrylate; AA, acrylic acid; MA, maleic acid; EGMP, ethylene glycol methacrylate phosphate. YDetermined by DLS.

“Determined by polyelectrolyte titration. “Determined by TGA.
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Poly(S/AA)/CeO,

Poly(S/IPEGMP)/CeO,

Figure 2. (A) SEM images, (B) TEM images, and (C) dark-field TEM images of CeO,/poly(S/AA) hybrid nanoparticles prepared with SDS as a
surfactant (sample 4 of Table 1). (D—F) Analogous micrographs for poly(S/EGMP) prepared also with SDS (sample 8 of Table 1). Insets in panels

B and E show high-resolution TEM images of selected areas.

(styrene/acrylic acid) and poly(styrene/ethylene glycol meth-
acrylate phosphate) latexes prepared with SDS (samples 4 and
8 of Table 1), are shown in Figure 2. High-resolution TEM
micrographs (insets in Figures 2B and 2E) show the presence
of crystallites with sizes of 4—5 nm and interplanar spacings of
0.191 nm, which correspond to the (220) crystalline plane for
the cubic CeO, structure.

X-ray diffraction (XRD) also proved the formation of ceria
(JCPDS card No. 34—0394), as shown in Figure 3. The broad
reflections indicate a small size of the coherently scattering
crystalline domains, typically referred as crystallite size. By
applying the Scherrer equation to the reflection (111),** a value
of ca. 4 nm was estimated for the crystallites, which is
consistent with the TEM observations.

3. Catalyzed Hydration of Nitriles to Amides. The
catalytic activity of the CeO,/polymer hybrid nanoparticles was
tested on the hydration of 2-cyanopiridine to obtain 2-
picolinamide (Scheme 1) in a water/ethanol mixture. The
product can be easily recovered by washing the catalyst with
ethanol and separate it by centrifugation after the conversion is
completed. All samples showed very high catalytic efficiency
with quantitative yields, typically higher than 95% (Table 1).

Even in the two cases with the lowest surface charge density
(latexes prepared with methyl methacrylate and maleic acid or
EGMP in the presence of Lutensol AT 50), the reaction yield
reached remarkable values of about 87%.

A kinetic study was performed to understand the behavior of
the two representative samples whose electron micrographs has
been shown in Figure 2. The results indicate that the hydration
reaction is complete after 6 to 8 h (Figure 4). The kinetics of
the reaction catalyzed with our ceria/polymer hybrid particles is
similar as the one of the reaction catalyzed with ceria prepared
by bulk precipitation using the same precursor (see the
comparison of the kinetics in Figure S3, Supporting
Information). Thus, it can be concluded that the polymer
supports do not negativelyaffect the catalytic process. As a
reference reference, pure polymer particles without CeO, were
also tested and they did not show any catalytic effect.

The catalytic particles were shown to be recoverable and
even after five cycles there was no significant decrease of the
yield, as presented in Figure 5. An important feature of our
hybrid particles is that no substantial amount of unreacted
product is recovered after washing multiple times the catalyst.
Tamura et al*® described in detail the mechanism of the
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Figure 3. XRD patterns of the representative samples (samples 4 and
8 of Table 1).

Scheme 1. Hydration of 2-Cyanopiridine to 2-Picolinamide
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Figure 4. Evolution of the yield with time for the catalytic hydration of
2-cyanopiridine to 2-picolinamide in the presence of samples 4 and 8
(cf. Table 1).

reaction, showing that the substrate is first absorbed on the
surface of cerium oxide and then released as a product. In their
work, at the end of the reaction the catalyst was washed, and a
work up with CHCI; followed. From the HPLC experimental
observations (Supporting Information, Figure S$4), we verified a
strong interaction between the catalyst and the substrate, so

P(S-EGMP)-SDS

100

50

Yield (%)

1 2 3 4 5
Number of Cycles
Figure 5. Recyclability of the catalytic particles: yield of the catalytic

hydration of 2-cyanopiridine to 2-picolinamide in the presence of
sample 8 (cf. Table 1) after several cycles.

that all unreacted fraction remains absorbed on the particles
while separating away the product with ethanol. In our case, the
workup steps can be minimized, reducing the consumption of
solvents and time.

B CONCLUSIONS

Hybrid polymer/CeO, nanoparticles were successfully pre-
pared by first synthesizing polystyrene and poly(methyl
methacrylate) nanoparticles functionalized on the surface with
carboxylic or phosphate groups, and then crystallizing CeO, by
controlled precipitation from a cerium salt in a basic
environment. The combination of two simple techniques
gave nanoparticles homogeneously coated with ceria of an
average crystallite size of ca. 4 nm. Particles obtained by this
procedure are very efficient supported catalysts, as demon-
strated for the conversion of 2-cyanopiridine to 2-picoliamide.
Quantitative yields were obtained for most of the tested
samples, with a high reusability of the without significant
decrease in the efliciency. Furthermore, because of the
absorption of the substrate to the particle surface, the product
can be easily separated without time- and solvent-demanding
workup steps.

B ASSOCIATED CONTENT
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SEM and TEM images of the different samples, before and after
ceria crystallization; yield evolution in the presence of ceria
prepared by bulk precipitation from solution; representative
example of HPLC curves. The Supporting Information is
available free of charge on the ACS Publications website at
DOI: 10.1021/acsami.5b01847.
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