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a b s t r a c t

A suitable approach to stabilize palladium nanoparticles in water as a green reaction medium for catalytic
hydrogenation reactions is described. Supramolecular self-assemblies, obtained through the mixture of
modified polyethyleneimines as amphiphilic polymers and water-soluble ammonium salts as surfactants,
were used as efficient protective agents in the synthesis of Pd(0) nanospecies. The size and dispersion of
the nanoparticles prepared with these original self-assemblies were characterized by TEM, SAXS and DLS
techniques. The performances of the catalysts according to the polymer–surfactant mixtures were inves-
tigated in the hydrogenation of alkenes and a,b-unsaturated ketones in pure biphasic water/substrate
medium, under mild conditions (room temperature and 1 bar H2). The nanocatalysts showed efficient
catalytic activities and selectivity towards C@C bonds. From investigations, the polymer–surfactant com-
plexes act as cooperative protective agents and a pertinent structure–activity relationship was proposed
based on the zeta-potential values and the catalytic activity of the resulting colloids.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Playing a central role in nanoscience and nanotechnology [1–4],
catalysis has driven much research efforts in the past decades in
the design of nanostructures with well-controlled size, shape and
morphology [5–9]. However, the development of well-stable,
highly active and selective nanocatalysts still remains a challenge
and a growing subject at academic and industry levels.

For more than a century, palladium has been used as a reference
catalyst for alkene hydrogenation [10]. Over the past years, new
routes to employ this efficient catalyst have been developed [11].
Among them, nanometre-sized palladium particles have proven
to be pertinent candidates for synthetic transformations, owing
to their outstanding surface properties, and dispersed or supported
palladium nanoparticles (Pd0NPs) have been widely studied for
diverse catalytic applications [12–15].

Nowadays, in the drive towards an eco-responsible chemistry,
the use of greener media, thus limiting volatile organic solvents,
is strongly encouraged. For that purpose, water has appeared as a
relevant reaction medium [16], being available, environmentally
benign [17–19] and leading to easy work-up [20]. Therefore, the
development of colloidal Pd0NPs stabilized in aqueous solution
proved to be a relevant approach towards green chemical
processes [21].

Besides their protective role to produce stable and size-
controlled nanoparticles, the capping agents could also be chosen
to transfer their physico-chemical properties to the nanocatalysts
[22], thus influencing the substrate’s solubility or the selectivity
during the catalytic process [23]. For instance, Neumann and
coworkers [24] have reported the chemoselective stereocontrolled
hydrogenation of alkenes by Pd0NPs stabilized with alkylated-
polyethyleneimine (Alk-PEI). They have shown that in combination
with the steric hindrance of the substrates, the structure of the Alk-
PEI protective agents influences the reaction rate [24]. Similarly,
Crooks and coworkers studied the hydrogenation of allylic alcohols
by Pd nanoparticles in water/methanol 4:1 mixtures. From their
results, higher generations of dendrimers can act as a nanofilter
in which steric demanding substrates were reacted in slower
rates [25].
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Fig. 1. Representative illustration of the work based on various amphiphilic molecules (used alone or combined) as protective agents of the Pd core.
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Polymer–surfactant self-assemblies in liquid phase have been
studied for over more than half a century [26]. However, the use
of such potential supramolecular organizations as capping agents
of metal nanoparticles still remains poorly investigated. Based on
their structural characteristics, amphiphilic polymers and surfac-
tant self-assemblies, such as modified-PEI, could produce thermo-
dynamically stable catalysts, and potentially offer novel and
original physico-chemical properties [27–29]. The driving force
for the self-assembly of amphiphilic compounds relies on
hydrophobic effects between the apolar counterparts of the mole-
cules [30]. These self-assembled supramolecular complexes thus
provide potential candidates for the stabilization of catalytically
active Pd0NPs, due to the modulation of the physico-chemical
properties upon the variation of their components.

In the present work, we report the use of supramolecular self-
assemblies, composed of an ammonium surfactant, namely N,N-
dimethyl-N-hexadecyl-N-(2-hydroxyethyl)ammonium chloride
salt (HEA16Cl) [31], and a N-dodecylated PEI, as protective agents
of Pd0 nanospecies. These nanocatalysts have been evaluated in the
hydrogenation reaction of alkenes and various a,b-unsaturated
ketones (enones) as functionalized alkenes, in terms of catalytic
activity and selectivity under very mild reaction and biphasic
water/substrate conditions (Fig. 1). For a better understanding in
their supramolecular behaviours and correlation with catalytic
investigations, these novel self-assemblies have been fully charac-
terized by scattering techniques (light and X-ray based), Transmis-
sion Electron Microscopy (TEM) and zeta potential measurements
to determine the size of the colloids, both the metallic core and the
protective layer.
2. Experimental

2.1. Materials and methods

Randomly branched PEI 800 Da (Aldrich, composed of
25/50/25% of primary/secondary/tertiary amines), disodium tetra-
chloropalladate (Strem Chemicals), sodium borohydride (Acros
Organics), substrates and product standards were purchased from
commercial sources and used as received without any further
purification. All solvents were spectroscopic grade and ultrapure
water was used in all systems. The surfactant HEA16Cl was pre-
pared according to previously described method [31].
2.2. Synthesis of M6PEI

In a round-bottomed flask, PEI (800 Da, 5.5 g, 0.180 mol in
monomer units) was dissolved in MeOH (55 mL) under magnetic
stirring. Dodecyl aldehyde (5.90 g, 0.032 mol) in THF solution
(10 mL) was added and the resulting mixture was stirred at room
temperature for 24 h. Then, NaBH4 (1.34 g, 0.0352 mol) was intro-
duced over the reaction mixture and stirred for more 12 h to
ensure complete reduction in the imines formed during the reac-
tion. After that period, the reaction mixture was poured into a dial-
ysis membrane (Spectrapor, 1000 g mol�1 cut-off) and dialysed for
5 days over distilled water (3 L) with solvent change every 12 h.
The degree of alkylation was determined by 1H NMR by the inte-
gration of alkyl chains over the alkylic protons in PEI backbone.
The average molecular weight of 1800 g mol�1 of M6PEI was deter-
mined by 1H NMR. 1H NMR (200 MHz, CDCl3): d = 0.81 (m, 18H),
1.23 (m, 120H), 2.5–2.75 (m, 80H).
2.3. cmc and cac determinations of M6PEI and HEA16Cl self-
assemblies

The determination of critical micelle concentration (cmc) and
critical aggregation concentration (cac), based on the MW of
M6PEI monomer units (43 g mol�1) and HEA16Cl concentrations,
respectively, was made in a Hitachi F-4500 fluorescence spec-
trophotometer using standard fluorescence quartz cuvette ther-
mostated at 25.0 ± 0.1 �C equipped with a magnetic stirrer. The
pyrene emission spectrum was obtained using an excitation at
336 nm with the excitation/emission slits set at 2.5 nm.

An aqueous solution of pyrene (1.0 lmol L�1) prepared by dis-
solution of an ethanolic pyrene solution (1.0 mmol L�1) in water
was used to prepare the M6PEI, HEA16Cl andM6PEI-HEA16Cl solu-
tions. The intensity values of the first (372.8 nm, I1) and the third
(384.0 nm, I3) pyrene emission peaks were used for the I1/I3 ratio
[27–29].
2.4. Synthesis of Pd0NPs

In a typical synthesis, a freshly prepared aqueous solution of
10 mL of NaBH4 (0.3 mmol, 11.35 mg) was rapidly added under
vigorous magnetic stirring to a 40 mL aqueous solution of Na2PdCl4
(0.075 mmol, 22.10 mg) and stabilizer (surfactant, polymer or mix-
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ture) (0.375 mmol). The formation of the Pd0NPs is visually charac-
terized by a colour change from yellow to dark brown.
2.5. Characterization of Pd0NP colloids

The Pd0NPs@stabilizer suspensions were characterized by TEM,
scattering techniques and zeta potential values. For the TEM anal-
ysis, four drops of the aqueous colloidal NPs were deposited on a
400-square mesh copper grid with carbon film and dried naturally.
The micrographs were acquired using a JEOL JEM-1011 electron
microscope operating at 100 kV. At least 140 particles were consid-
ered to plot a histogram of the NP size distribution, and the average
particle size was obtained by a Gaussian fit of the size distribution.
The dynamic light scattering (DLS) experiments and zeta potential
were carried out using a DelsaNano C instrument (Beckmann Coul-
ter). The aqueous suspensions of Pd0NP were analysed at 25 �C,
after the temperature equilibration, about 10 min after the cell
was placed in the DLS apparatus. SAXS experiments were per-
formed on the SAXS1 beam line of the Brazilian Synchrotron Light
Laboratory (LNLS – Campinas, SP, Brazil) and at the Institut de Phy-
sique in Université de Rennes1, France. The system configuration
for the experiments carried out in LNLS (Brazil) was made as in
our recent publications [32–34]. The solutions were loaded into a
temperature-controlled vacuum flow-through cell composed of
two mica windows separated by 1 mm, normal to the beam [35].
For the experiments carried out on the SAXS1 beam line, the colli-
mated beam (k = 1.55 Å) crossed the sample through an evacuated
flight tube and was scattered to a Pilatus 300 K 2D detector (Dec-
tris) and a 2D CCDmarCCD 165 detector, respectively. The incident
beam was detected at two different sample-to-detector distances
on the SAXS1 beam line, 500 mm (silver behenate was used for
sample-to-detector distance calibration), to achieve the scattering
vector range q (from 0.1 to 5 nm�1). The experiments carried out in
the bench-top configuration, X-ray patterns were collected with a
Pilatus 300k (Dektris, Grenoble, France), mounted on a micro-
source X-ray generator GeniX 3D (Xenocs, Sassenage, France) oper-
ating at 30 watts. The monochromatic CuKa radiation is
k = 1.541 Å. The diffraction patterns were therefore recorded for
reciprocal spacing q = 4p ⁄ sinh/k in a range of repetitive distances
from 0.15 nm�1 (4180 nm) to 7.7 nm�1 (80 nm). The samples were
loaded in quartz capillary tubes (£ = 1.1 mm) and the tubes placed
in a homemade sample holder. For both experimental set-ups the
2D images were found to be isotropic and they were normalized
using the FIT2D software developed by Hammersley [36]. Also,
the resulting I (q) vs. q scattering curves were corrected by subtrac-
tion of the scattering from the pure solvent and then placed on an
absolute scale using water as the standard. The log (q) vs. log q�1

scattering profile of the Pd0NPs could be fitted using the Beaucage
Power Law [37] and Core–Shell models [38]. The fitting procedures
and other analysis were performed using the SASfit software devel-
oped by Kohlbrecher and available free of charge [39], which
makes use of the least squares fitting approach to minimize the
chi squared (v2) parameter.
N
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Scheme 1. Synthesis of M6PEI by red
2.6. Catalytic activity studies

In a Schlenk tube, 10 mL of the colloidal Pd0NPs (0.015 mmol)
and the substrate (1.5 mmol) were introduced. The mixture is
strongly stirred with a magnetic bar, covered with a septum and
degasified over vacuum. After the bubble evolution ceases, a bal-
loon filled with H2 is attached in the septum and the degasification
procedure is repeated at least 2 times. For kinetic experiments, one
aliquot of the reaction mixture (±1.0 mL) is removed at a desired
time with a syringe and the organic compounds are extracted with
diethyl ether for GC analysis (Carrier gas He, Isobaric at 60 kPa, Col-
umn CP-Chirasil-Dex-CB – 30 m � 0.25 mm � 0.25 lm, oven tem-
perature varies with substrate, injector at 250 �C and FID
Detector at 250 �C).

3. Results and discussion

3.1. Synthesis and stability of Pd0NPs

The Pd0NPs catalytic systems (Fig. 1) were prepared in the pres-
ence of various protective agents, such as HEA16Cl surfactant, the
N-dodecylated PEI (M6PEI) or HEA16Cl/PEI self-assemblies with
different ratios. The HEA16Cl was synthesized according to a pro-
cedure reported in the literature [31]. M6PEI was prepared from
an adapted procedure based on a stepwise aldimine formation–re-
duction in methanol [40], using dodecyl aldehyde as the alkylating
agent of PEI (800 Da) in a 6:1 ratio (Scheme 1). The 1H NMR anal-
ysis, based on the ratio of integrals of ACH2A signals from the
polymer backbone and those of ACH2A signal from the alkyl chain,
confirmed the complete conversion of primary amines into sec-
ondary, thus providing a new polymer M6PEI with a 6:1 Dode-
cyl:PEI ratio. This method proved to be very straightforward in
the selective alkylation of primary amines and could be applied
for a variety of commercially available aldehydes.

In a first set of experiments, the formation of polymer–surfac-
tant complexes was characterized in water. The steady state fluo-
rescence spectroscopy was chosen as an alternative to surface
tension experiments [27]. Pyrene is commonly used as a probe
since its fluorescence emission spectrum is sensitive to the polarity
of the medium [41,42].

The cmc value of M6PEI and the cac value between M6PEI and
HEA16Cl were extracted from the graphs in Fig. 2a and b, respec-
tively. While the commercial PEI does not exhibit hydrophobic
domains and self-aggregation [27], we showed that the synthe-
sized M6PEI bearing an average of six lipophilic alkyl chains with
12 carbon atoms self-aggregates into micelles above critical micel-
lar concentrations (cmc) of 0.084 mmol L�1 in monomer units or
0.002 mmol L�1 using the average molecular weight determined
by 1H NMR. The aggregation behaviour of M6PEI and HEA16Cl
was determined at 0.089 mmol L�1 that is 13.8 times lower than
the cmc of HEA16Cl (1.23 mmol L�1) [31]. For the cac determina-
tion the concentration of M6PEI was 0.058 mmol L�1 (monomer
units), which is lower than its cmc. These investigations demon-
strated that the mixed aggregation occurs as also previously
N
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Fig. 2. Pyrene steady-state fluorescence determination of (a) M6PEI cmc and (b)
M6PEI/HEA16Cl cac. The connecting black lines can be used as a guide for the eyes
and the red dashed line represents the cmc and cac points, respectively.

Pd0NP
H2 (1 bar), H2O, rt

1 1'

Scheme 2. Hydrogenation of cyclooctene 1 to cyclooctane 10 catalysed by Pd0NPs.

Table 1
Optimization of stabilizer/Pd ratio by catalytic hydrogenation of cyclooctene 1.a

Entry Stabilizer Abbrev. [Stabilizer]/[Pd]
Ratio

[M6PEI]/[HEA16Cl]
Ratio

1 HEA16Cl HEA 1 –
2 HEA16Cl HEA 2 –
3 HEA16Cl HEA 5 –
4 M6PEI M6PEI 2 –
5 M6PEI M6PEI 5 –
6 M6PEI + HEA16Cl Mix0 2 1:1
7 M6PEI + HEA16Cl Mix1 5 1:4
8 M6PEI + HEA16Cl Mix2 5 2.5:2.5
9 M6PEI + HEA16Cl Mix3 5 4:1

a Reaction conditions: Palladium (1.50 � 10�2 mmol), cyclooctene/metal molar ratio =
b Determined by GC analysis.
c Specific Activity (SA) was defined as mol of transformed substrate/(mol of introduce
d Stability after catalysis and 97% conversion was obtained after 2 h under 2 bar of H2
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observed by surface tension experiments of binary systems PEI and
cationic surfactants in aqueous medium [43]. Moreover, the cac
values of unmodified PEI and cationic surfactants are also in agree-
ment with our work, being observed at 0.09 mmol L�1 of CTAB
using a 0.5 mol L�1 of PEI while the cmc of CTAB alone is
0.8 mmol L�1 [43].

The colloidal NPs were obtained by chemical reduction of Na2-
PdCl4 with sodium borohydride, in the presence of the appropriate
stabilizing agent (HEA16Cl, M6PEI or HEA16Cl/M6PEI mixture).
The palladium concentration was fixed at 1.50 � 10�2 mmol L�1.
Several mixtures have been investigated according to the MPEI:
HEA ratio such as M6PEI:HEA16Cl = 1:4 (Mix1); M6PEI:
HEA16Cl = 2.5:2.5 (Mix2); and M6PEI:HEA16Cl = 4:1 (Mix3). In a
first approach, the suitable amount of stabilizing agent, ranging
from 1 to 5 eq., was optimized, and the stability of the as-
prepared Pd0NPs suspensions was visually estimated to ensure
that no sedimentation takes place. The stability was also evaluated
after the catalytic tests of hydrogenation of cyclooctene under
atmospheric hydrogen pressure as model reaction (Scheme 2).
The results are gathered in Table 1.

Among the various stabilizer/Pd ratios, the best catalytic results,
in association with a good stability, were achieved with a ratio of 5,
either for the ammonium salt HEA16Cl alone or for M6PEI-
HEA16Cl mixture (Entries 3 and 7, respectively). In similar reaction
conditions (room temperature, 1 bar H2), the system stabilized
with M6PEI alone provides a lower activity in the cyclooctene
hydrogenation and a poor stability during catalysis. In the case of
a polymer/surfactant self-assembly, best results were achieved
with M6PEI/HEA16Cl ratio of 1:4 (Entry 7). The highest catalytic
activity was achieved at lower concentrations of protective agent
(Entry 1) but the colloidal dispersions are less stable, leading to a
precipitate of Pd black during the reaction. The use of polymer
alone (M6PEI) led to unstable NPs for the cyclooctene hydrogena-
tion, but proved to be active and stable at higher pressure and for
other substrates before and after catalysis, as discussed later.
3.2. Characterization of Pd0NPs

The shape, morphology and size distribution of the Pd0NPs were
determined through TEM, SAXS and DLS measurements. TEM
micrographs (Fig. 3a–e) showed that the stabilizers used in the
NPs synthesis strongly influence the particle size and morphology.
The Pd0NPs capped with HEA16Cl was spherical with an average
diameter of 1.8 ± 0.3 nm (Table 2). In contrast, worm-like struc-
tures, with sizes about 4.0 ± 1.8 nm, were observed with M6PEI
as capping agents, which could be attributed to the morphology
of M6PEI micelles formed in the aqueous medium. For the mixed
Time
(min)

Conversion
(%)b

Specific activity
(h�1)c

Stability before
catalysis

Stability after
catalysis

30 100 200.0 Yes No
75 100 80.0 Yes No
75 96.8 77.6 Yes Yes
45 61 81.3 Yes No
60 6d 6.0 Yes Nod

60 9.4 9.4 Yes No
120 100 50.0 Yes Yes
300 95 25.0 Yes Yes
480 100 12.5 Yes Yes

100, 1 bar H2, rt, 10 mL H2O.

d Pd � h).
at room temperature.



Fig. 3. TEM images and SAXS analysis for HEA (a, f), M6PEI (b, g), Mix1(c, h), Mix2 (d, i) and Mix3 (e, j).
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Table 2
Physico-chemical characterizations of Pd0NPs capped with various protective agents.

System TEM
(nm)

SAXS (nm) DH

(nm)
f-Potential
(mV)

pH

Core Core
+ Shell

HEA 1.8 ± 0.3 1.75a 7.79a 7.0 +71.7 5.6
Mix1c 3.4 ± 1.1 3.98a 14.08a 12.0 +68.5 5.6
Mix2d 2.9 ± 1.0 2.88b 13.36b 17.7 +62.3 8.2
Mix3e 3.0 ± 1.0 2.90b 13.38b 19.6 +49.8 8.2
M6PEI 4.0 ± 1.8 4.85a 12.54a 20.7 +46.9 9.1

a Beaucage model.
b Core–Shell model.
c Mix1 = M6PEI + HEA16Cl 1:4.
d Mix2 = M6PEI + HEA16Cl 2.5:2.5.
e Mix3 = M6PEI + HEA16Cl 4:1.

Fig. 5. Correlation of the Zeta-potential values with the amount of HEA used for the
synthesis of Pd0NPs, Mix1 = M6PEI + HEA16Cl 1:4, Mix2 = M6PEI + HEA16Cl 2.5:2.5
and Mix3 = M6PEI + HEA16Cl 4:1.
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systems, the average size is relative to the HEA16Cl/M6PEI ratio
used in the synthesis, with a tendency of larger sizes with an
increase in M6PEI concentration. The Pd0NPs sizes are resumed
in Table 2.

The Pd0NPs were also analysed by Synchrotron based SAXS and
a bench top set-up, and the data fitted to a Beaucage Power Law
[37] and Core–Shell models [38]. As observed in the microscopy
analysis, the presence of small agglomerates for all systems is evi-
denced in the SAXS spectra (Fig. 3f–j), which could be modelled
with a mass fractal approach [44–46]. SAXS spectra showed two
weak oscillations about 0.35 nm�1 and ±1 nm�1 for M6PEI system,
which could be correlated with different size domains, composed
by core–shell organic/metal system, respectively (Fig. 3g). In oppo-
sition to M6PEI, a significant bump was observed about
±1.05 nm�1 due to the metallic core in the case of HEA-stabilized
PdNPs (Fig. 3f). The same bumps were present in all samples
(Fig. 3h–j). In the case of Mix2 and Mix3 a Core–Shell model could
be applied since the scattering contrast (SLD) between the solvent,
organic layer and metallic core was different [47], and the results
were analogous to those obtained by the Beaucage Fitting. The uni-
fied exponential/power law introduced by Beaucage provided a
smooth transition between Guinier and power-law (Porod)
regimes in which different hierarchical levels can be measured
quantitatively. Since both mathematical expressions could simu-
late the data with good agreement with TEM and DLS measure-
ments, the results were used in this work.

Moreover, the difference between the micellar double-layer
diameter and the metallic core size shows that the double layer
composed by the surfactant HEA has a thickness of about 3 nm
(Fig. 4). According to their spatial organization [31] and the bond
length of the carbon chains in the HEA16Cl molecules (0.154 nm
for CAC bonds and 0.149 nm for CAN+ bonds), it could be stated
Fig. 4. Model organization describing the size domains of Pd0NP and stabilizers (a) HEA
Mix3 = M6PEI + HEA16Cl 4:1.
that the HEA molecules are strained and have normal orientation
at the particle’s surface, as illustrated in Fig. 4. Finally, the organic
shell in the systems based on M6PEI possesses a size around 4–
5 nm, which is in good agreement with previous works on determi-
nation of shell thickness [48–50] considering the organic double-
layer formed by the surfactants and the polymer molecules [31].

From DLS analyses, the average hydrodynamic diameters (DH),
obtained from the correlation curves of the light scattering of each
sample, fitted using the CONTIN algorithm, were determined to be
7.0 and 20.7 nm for HEA16Cl and M6PEI-stabilized Pd0NPs, respec-
tively. These values are strongly correlated with the SAXS experi-
ments and also show the cooperative effect of both components
in the stabilization of Pd0NP. In the case of HEA/M6PEI mixtures,
the increase in M6PEI amount has an influence on the DH of the
resulting colloids, with a size increase from 12 nm for Mix1 to
17.7 nm and 19.6 nm for Mix2 and Mix3, respectively (Table 2).

The good stability of the Pd0NPs could be related to an efficient
electrostatic stabilization, as confirmed by the zeta potential (f)
values, given in Table 2. In all cases, the colloidal suspensions have
a high positive apparent charge, ranging from +47 to +72 mV, thus
allowing a significant electrostatic repulsion (Coulombic interac-
tions) induced by the protective agents, which provides a good sta-
bilization of Pd0NPs. Moreover, a pertinent linear correlation
(R2 = 0.964) was observed between the f-potential values and the
amount of M6PEI in various systems (Fig. 5), according to M6PEI/
, (b) M6PEI, (c) Mix1 = M6PEI + HEA16Cl 1:4, Mix2 = M6PEI + HEA16Cl 2.5:2.5 and



Fig. 6. Kinetic profile for cyclooctene hydrogenation catalysed by HEA16Cl@Pd0NP,
the specific activity (SA) was calculated when no significant changes in product
formation occurs i.e. at 1.25 h. The dashed line can be used as a guide for the eyes.

Fig. 7. Correlation of specific activity (SA) for hydrogenation of substrates (a)
cyclooctene 1 and (b) 5-methyl-3-hexen-2-one 2 and amount of HEA in the
mixtures used to prepare the Pd(0) colloids. Mix1 = M6PEI + HEA16Cl 1:4,
Mix2 = M6PEI + HEA16Cl 2.5:2.5 and Mix3 = M6PEI + HEA16Cl 4:1.
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HEA16Cl ratio from 0 (pure M6PEI) to 100% (pure HEA). In fact, the
increase in the f-potential values was correlated with the presence
and amount of HEA. The relationship between the f-potential and
the amount of co-stabilizer (either HEA or M6PEI) shows that both
compounds have a positive influence in the stability, as well as in
the catalytic activity of the suspension (Table 1). We can conclude
that M6PEI and HEA act together as cooperative protective agents
and the increasing charge density upon adding a cationic surfac-
tant to a weak positive polyelectrolyte is reflected in the obtained
f-potential distributions.

Finally, the pH values measured for the colloidal dispersions
were in agreement with the chemical composition of the stabiliz-
ers used, alone or mixed (Table 2). In fact, the pH values of the sur-
factant solutions have a tendency to be slightly acid, in opposition
to those containing higher concentrations of M6PEI, which behaves
as a positively charged weak polyelectrolyte in aqueous solution.

3.3. Catalytic studies

In the first set of catalytic experiments (Table 1), the Pd0NPs
stabilized with ammonium surfactant alone with a Pd/Stabilizer
ratio of 5, afforded the best result in terms of stability in the
cyclooctene hydrogenation with a specific activity (SA) about
80 h�1 (Table 1, Entry 3). The SA values were defined as mol of
transformed substrate per mol of introduced Pd per hour [51]
and were determined by kinetic follow-up of the reaction by
extraction of small aliquots of the reaction medium over time
(Fig. 6). From physico-chemical characterizations, the
HEA16Cl@Pd0NPs suspension displays a smaller hydrodynamic
diameter (DH) and a higher f-potential value, than M6PEI or mixed
systems as protective agents. These features could be responsible
for an easier access of the substrate at the Pd0NPs surface, resulting
in a higher catalytic activity and stability. The stability of the sus-
pensions was considered relating to the presence/absence of sedi-
mentation particles by visual inspection of the aqueous
dispersions. Based on the f-potential values, the results show that
the presence of HEA16Cl additively increases the stability of the
dispersion (Table 2).

In the absence of HEA16Cl, a poor conversion (�6%) in cyclooc-
tane was obtained with a pure polymer system (Table 1, Entry 5).
However, an increase in the hydrogen pressure (up to 2 bar of H2)
leads to a specific activity (SA) of 48.5 h�1 with 97% conversion in
2 h, which is two times the SA value observed by Neumann with
similar colloidal alkylated PEI catalytic systems [24]. The kinetic
increase could be due to a better solubilization of the substrate
[52] and/or a better adsorption of H2 in the surface of the Pd0NPs
under pressure [53]. Finally, the M6PEI-stabilized Pd0NPs did not
show a good stability during a longer reaction time under mild
conditions (room temperature, 1 bar of H2) in opposition to the
reaction performed at 2 bar of H2 that offers a better stability
and a complete conversion. Benefiting from the kinetics, the
absence of sedimentation after the extraction of products by
diethyl ether attests the better behaviour in this condition. Finally,
an increase in the catalytic activity was observed according to the
amount of HEA introduced within the mixture (Table 1, Entries 7–
9). The SA values determined on the basis of an optimized time for
a total conversion decrease in the following order: HEA > Mix1 > -
Mix2 > Mix3 > M6PEI. In the same manner as for the f-potential
correlation with the surfactant/polymer ratio in the supramolecu-
lar self-assembly, the catalytic activity in hydrogenation reactions

could be rationalized with the M6PEI/HEA ratios for cyclooctene 1

and 5-methyl-3-hexen-2-one 2. Previously, Farin and Avnir have
demonstrated a relation between the catalytic activity defined as
mol time�1 particle�1 and the particle size of supported heteroge-
neous catalysts [54]. In this study, such a relation within the parti-
cle average size was not observed but the physico-chemical



Table 3
Activities of different catalysts in the hydrogenation of cyclooctene catalysed by palladium species.

Entry Catalyst Ratio olefin/Pd Solvent Temp. (�C) H2 pressure (bar) Time (h) Conversion (%) SA (h�1)

1 HEAa 100 H2O rt 1.0 1.25 100 77.6
2 Mix1a 100 H2O rt 1.0 2.0 100 50.0
3 M6PEIa 100 H2O rt 2.0 2.0 97 48.6
4 Pd@Alk-PEI [24] 122 H2O 80 2.0 5.0 100 24.4
5 Pd@C12Im-PEG IL [55] 10,000 H2O rt 10.0 3.0 100 6800
6 Pd@Co/C [60] 5000 i-PrOH rt 1.0 4.0 100 1250.0
7 Pd@phen [61] 450 PEG400 50 1.0 8.0 100 56.3
8 Pd-Im@SiO2 [62] 6.7 Toluene rt 1.0 48.0 64 0.1

a This work.

Fig. 8. Kinetic profiles for the competition hydrogenation reaction between 1-
octene and cyclooctene catalysed by (a) M6PEI- and (b) HEA-capped Pd0NPs. The
dashed line can be used as a guide for the eyes.
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properties induced by the capping agents proved to be relevant
parameters. Undoubtedly, a good correlation was demonstrated
between the SA and the amount of HEA surfactant in the cyclooc-
tene hydrogenation (Fig. 7a). In the samemanner, a good structure/
activity relationship was also demonstrated during the hydrogena-

tion of the internal CAC double bond of 5-methyl-3-hexen-2-one 2,
tested as a linear a,b-unsaturated ketone (Fig. 7b).

The catalytic performances of the palladium nanocatalysts
developed in the present paper were compared with various Pd
heterogeneous catalysts (Table 3), already reported in the litera-
ture, considering the cyclooctene hydrogenation. The best result
has been obtained with Pd@C12Im-PEG IL under 10 bar of H2

[55]. Nevertheless, in absolute SA values, the present Pd(0) species
demonstrated promising performances in terms of conversion
among the best results at room temperature and mild H2 pressure
in water as a benign and environment-friendly reaction medium.
No straightforward comparison with the different systems is possi-
ble due to the different variables employed in each study, only in
the case of Neumann and coworkers [24] (Table 3, Entry 4) and
M6PEI (Table 3, Entry 3) in which our work showed better results,
possibly due to the different methodologies of PEI modification and
probably the polymer molecular weight (50 kDa versus 800 Da).

In a second set of experiments, both catalysts, capped either
with HEA surfactant or with M6PEI polymer, were investigated in
a competitive reaction between two substrates, possessing differ-

ent degrees of steric hindrance. Cyclooctene 1 and 1-octene 3 were
chosen as substrates in a 1:1 ratio. As presented in Scheme 3 and
Fig. 8, the M6PEI@Pd0NPs showed higher selectivity than the
HEA system. The kinetic study (Fig. 8a) displays that M6PEI@Pd0-
NPs could selectively reduce the less hindered double bond in very
good yields. The double layer formed by the polymer around the
metal core might influence the geometrical arrangements and con-
formations of the substrates, as well as their mobility, when
approaching the catalyst’s surface, thus impacting the catalytic
activity [56].

In contrast, both substrates were simultaneously reduced after
1.5 h, with quantitative conversion in 60 min for 1-octene and
90 min for cyclooctene with HEA@Pd0NPs system (Fig. 8b). The
slight differences in the reaction rates could be explained by small
differences in terms of water-solubility and steric hindrance of
both substrates as well as to the molecular structure of the poly-
mer and the surfactant. Indeed, the branched M6PEI seems to be
more sensitive to hindered double bonds as seen in Table 3 (Entries
3 and 4) and in the competition reactions. Similar results have
C5H12 +

3 1

Pd0NP
H2 (1 bar), H

Scheme 3. Hydrogenation reaction competition of cycloocten
already been reported with dendrimers [25], with a decrease in
catalytic activity and selectivity towards less hindered substrates
when increasing the dendrimer generation.
C5H12 and/or

3' 1'
2O, rt

e 1 and 1-octene 3 catalysed by palladium nanocatalysts.



OO

H2 (1 bar), H2O, rt
acyclic or cyclic

2, 4 - 7
acyclic or cyclic

2', 4' - 7'

Pd0NP

Scheme 4. Hydrogenation of acyclic/cyclic enones 2, 4–7 catalysed by palladium
nanocatalysts.
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In a final step, the performances of the catalysts were also eval-
uated in the hydrogenation of various linear and cyclic a,b-
unsaturated ketones (enones, Scheme 4), conducted in a pure
biphasic water/substrate medium, under mild conditions (room
temperature and 1 bar H2). The results are gathered in Table 4. In
all cases, the reaction was selective towards the C@C bonds, with
no C@O reduction for both cyclic and acyclic substrates. The less

hindered compounds 2, 4 and 5 were totally converted into the
respective ketones in quantitative yields in less than 1 h (Entries
1–3). As reported with cyclooctene, the HEA@Pd0NPs yielded the
best results, with a specific activity up to 1176 h�1 (Entry 2).

In the same manner, even if high yields were achieved, lower
activities were observed with pure M6PEI and particularly with

cyclic enone 5 in comparison with acyclic enone 2, showing the
great influence of its polymeric backbone.

Both M6PEI/HEA mixtures (Mix1, Mix2) were investigated in
the hydrogenation of enones, with complete conversions achieved
under mild conditions and a higher activity value for the mixture
containing a higher amount of HEA (Mix2). Indeed, the surfactant
could act as a phase transfer agent [57], thus solubilizing the lipo-
philic substrate, and also as a protective agent in the dynamic
Table 4
Catalytic hydrogenation of various linear and cyclic a,b-unsaturated ketones by Pd0NPs.a

Entry Substrate Product M6PEI

Conv.b

(%)

1 5-Methyl-hex-3-en-2-one (2) 5-Methylhexanone (20) 90
2 Cyclohexenone (4) Cyclohexanone (40) 100
3 3-Methyl-cyclohex-2-en-1-one

(5)
3-Methylcyclohexanone (50) 100

4 Isophorone (6)d 3,3,5-Trimethylcyclohexanone
(60)

0

5 Verbenone (7)e Verbanone (70)f 0

a Reaction conditions: Palladium (1.50 � 10�2 mmol), substrate/metal molar ratio = 10
b Determined by GC analysis.
c Specific Activity (SA) was defined as mol of transformed substrate/(mol of introduce
d 3,3,5-Trimethyl-2-cyclohexen-1-one.
e (1S,5S)-4,6,6-Trimethylbicyclo[3.1.1]hept-3-en-2-one.
f (1S,4S,5S)-4,6,6-Trimethylbicyclo[3.1.1]heptan-2-one.
g 97%, SA = 48.5 h�1 under 10 bar of H2.

Table 5
Comparison of catalytic hydrogenation of cyclohexenone catalysed by palladium catalysts

Entry Catalyst Ratio olefin/Pd Solvent Tem

1 HEAa 100 H2O rt
2 Mix1a 100 H2O rt
3 M6PEIa 100 H2O rt
4 Pd@phen [61] 450 PEG 40
5 Pd(10%)/PIL-Br [59] 400 MeOH rt
6 Pd-1 [63] 1000 [BMMIM][PF6] rt
7 Pd/Mg-La [64] 1500 EtOH rt
9 G2DenP-Pd [65] 200 1,4-Dioxane 60

11 Pdaq [66] 100 THF rt
12 5PdNPs-SBA-15 [67] 100 H2O rt
13 Pd/Fe3O4 [68] 333 MeOH rt

a This work.
supramolecular organization [58] around the particle, thus facili-
tating the access of the substrate onto the metallic surface.

In terms of stereo-control, the hydrogenation reaction of the

prochiral isophorone 6 yielded a racemic hydrogenated product

60 for all catalysts, as expected; however, no reaction was observed

for M6PEI@Pd0NPs. Moreover, the hindered substrate verbenone 7
was completely hydrogenated (97%) under higher pressure (10 bar
H2) in 2 h, using HEA@Pd0NPs system (Entry 5).

To summarize, the structure of a,b-unsaturated ketone seems to
have an influence on the catalytic activity, as observed by Crooks
and coworkers in the case of structurally related allylic alcohols
[25]. Indeed, the highest specific activity was achieved for the con-

version of 3with HEA@Pd0NPs. Moreover, the presence of a methyl
group on the C@C bond strongly slows the reaction rate when com-

paring the data for 4 and 5. The trend is also observed for the sub-

strates 6 and 7, shown by the lack of catalytic activity of
M6PEI@Pd0NPs.

To estimate the efficiency of our systems based on Pd nanopar-
ticles, a comparison with Pd catalysts well described in the litera-

ture for the hydrogenation of cyclohexenone 4 was resumed in
Table 5. Undoubtedly, few of systems have been reported using
water as reaction medium (Entries 1–3, 9) and our Pd systems
(Entries 1–3) were relevant to a good activity under atmospheric
pressure. Moreover, M6PEI@Pd0NPs (Table 5, Entry 3 and
Mix1@PdNPs (Table 5, Entry 2) provide better activity in aqueous
medium (SA = 294 h�1 and 388 h�1 respectively) than the other
catalysts from the literature. Finally, the best catalytic activity
was reported by Zhang [59] with a value of 1176 h�1 which is sim-
ilar to the best value obtained in this work. In comparison with
HEA Mix1 Mix2

SAc

(h�1)
Conv.b

(%)
SAc

(h�1)
Conv.b

(%)
SAc

(h�1)
Conv.b

(%)
SAc

(h�1)

120 99 593 90 360 99 567
294 98 1176 97 388 100 400
23 100 200 96 192 100 200

0 90 44.8 95 21 95 47.6

0 0g 0g 0 0 0 0

0/1, 1 bar H2, rt, 10 mL H2O.

d Pd � h).

.

p. (�C) H2 pressure (bar) Time (h) Conversion (%) SA (h�1)

1.0 0.08 98 1176
1.0 0.25 97 388
1.0 0.33 98 294
1.0 8.0 100 52.8

10.0 0.33 89 1176
2.0 3.0 100 333
1.0 1.0 94 1410

15 8.0 95 23.5
1.0 1.0 98 98.0
1.0 2.0 100 50.0
1.0 0.5 97 646.0
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others, the activity of the nanoparticles stabilized by polymers,
surfactants and its mixtures and the reaction parameters represent
an advance towards greener transformations.

4. Conclusions

The paper describes a novel preparation of PEI derivatives and
its assemblies with a cationic surfactant, HEA16Cl, and their use
as stabilizers for aqueous palladium nanoparticles. The
supramolecular self-assemblies composed of a modified PEI and
an ammonium surfactant (HEA16Cl) have been investigated as effi-
cient protective agents of catalytic Pd0NPs in hydrogenation reac-
tions and compared with M6PEI or HEA salts alone as references.
All catalytic systems were fully characterized by SAXS, TEM, as
well as DLS experiments, leading to a good correlation of these dif-
ferent techniques to determine the particle size. These self-
assemblies capped Pd0NPs have been investigated in the hydro-
genation of alkenes and several linear or cyclic a,b-unsaturated
ketones in pure biphasic liquid–liquid water/substrate medium
under mild conditions (1 bar H2, rt). Although HEA@Pd0NPs proved
to be powerful in terms of kinetics, probably due to a dynamic
behaviour of the protective layers facilitating the solubilization of
the substrate and its access onto the Pd surface, various mixtures
of M6PEI/HEA proved also to be efficient in terms of stability and
catalytic reactivity.
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