
A

a
h
n
a
i
c
f
T
t
©

K

1

i
c
a
c
l
e
w
a
l
p
t
c

1
d

Journal of Molecular Catalysis A: Chemical 260 (2006) 4–10

Hydrogenation of nitrobenzenes catalyzed by platinum nanoparticle
core-polyaryl ether trisacetic acid ammonium chloride

dendrimer shell nanocomposite

Ping Yang a,∗, Wei Zhang a, Yukou Du a, Xiaomei Wang b

a College of Chemistry and Chemical Engineering, Soochow University, Suzhou 215123, China
b College of Materials Science and Engineering, Soochow University, Suzhou 215123, China

Received 2 May 2006; received in revised form 24 June 2006; accepted 26 June 2006
Available online 7 August 2006

bstract

Platinum nanoparticle core-polyaryl ether trisacetic acid ammonium chloride dendrimer shell nanocomposites (Pt@Gn-NACl) were prepared
nd used as catalysts for hydrogenation of nitrobenzenes to anilines with molecular hydrogen under mild conditions. The as-prepared nanoparticles
ave mean particle size from 2.0 to 5.5 nm, depending on the molar ratio of the metal and the dendrimer. The Pt nanoparticles demonstrate
ear-monodisperse when the molar ratio of Pt and G3-NACl is below 30. The interaction among three carboxyl groups terminated at the dendron
nd the metallic core keeps the Pt nanoparticles from agglomerating. The colloidal solution of Pt nanoparticles stabilized by the dendrimer,
n which the molar ratio of Pt/G3-NACl was less than 60, is stable without precipitation for several weeks. The dendrons attach to the metal

ore radially, and a substantial fraction of the surface of the metal nanoparticle is unpassivated and available for catalytic reactions. Turnover
requencies for the hydrogenation of nitrobenzenes to anilines change from 353 to 49 h−1 depending on the dendrimer generation and substrates.
he dendrimer catalysts are stable during the catalytic hydrogenation process and can be recovered by centrifugation and reused. The results suggest

he effectiveness of polyaryl ether trisacetic acid ammonium chloride dendrimer as a stabilizer for the preparation of Pt nanoparticle catalysts.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Using metallodendrimer as a catalyst has attracted increas-
ng interest in recent years, since it is possible to tune the
atalytic properties through tailoring the structure, size, shape,
nd solubility of dendrimers and to locate catalytic sites at the
ore or on the periphery [1–4]. The synthesis of organometal-
ic dendrimers, transition-metal, and bimetallic nanoparticles
ncapsulated inside dendrimers in a variety of architectures as
ell as their catalytic properties have been reported by Crooks

nd several other research groups [5–9]. These organometal-
ic dendrimers and dendrimer-encapsulated metal nanoparticles

roved to be efficient catalysts for Heck reaction, shape selec-
ive epoxidation, alkene oxidation, Kharasch addition reaction,
yclocarbonylation, olefin hydroformation, and asymmetric and
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ymmetric hydrogenations [10–28]. Niu et al. [10] demonstrated
hat size-selective hydrogenation of olefins could be achieved
y simply changing dendrimers’ generation. Esumi et al. [11]
eported the reduction reaction of 4-nitrophenol catalyzed by
AMAM- and PPI-metal nanocomposites. It was found that the
PI dendrimers-palladium nanocomposites showed the highest
atalytic activity for the reduction of 4-nitrophenol; however, the
atalytic reactions were carried out in the presence of NaBH4.
ox and co-workers [14] reported that palladium-nanoparticle-
ored dendrimers (Pd-G-3) could efficiently catalyze Heck and
uzuki reactions. The coupling reactions catalyzed by Pd-G-
could be performed under homogeneous or heterogeneous

onditions with high activity. One drawback of this kind of cat-
lyst was that Pd-G-3 could not be employed as a catalyst for
ydrogenation reactions, since the carbon–sulphur bonds in Pd-

-3 were broken under the hydrogenation conditions. Since we

re interested in using metal nanoparticle-cored dendrimers as
ydrogenation catalysts, we synthesized polyaryl ether aminedi-
cetic acid dendrimer (Gn-NA) as the stabilizer for preparation

mailto:pyang@suda.edu.cn
dx.doi.org/10.1016/j.molcata.2006.06.045
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f platinum-nanoparticle-cored dendrimer (Pt@Gn-NAs) [28].
he as-prepared catalyst proved to be effective for the catalytic
ydrogenation of phenyl aldehydes to phenyl alcohols; how-
ver, the activity of the catalyst dropped in the following cycle
eactions. This could be attributed to the metal nanoparticles
gglomeration, since some of dendrons that attached on the
anoparticle surface were lost in the recycling process. Based
n our previous study, the present paper deals with the synthesis
f platinum-nanoparticle stabilized by polyaryl ether trisacetic
cid ammonium chloride dendrimer, which possesses three car-
oxyl groups to interact with the metal nanoparticle, and cat-
lytic hydrogenation of nitrobenzene derivatives with molecular
ydrogen under mild conditions.

. Experimental

.1. Chemicals

3,3-Dihydroxybenzyl alcohol, 18-crown-6, benzyl bromide,
nd deuterated solvents were purchased from Acros Organic
nd used without further purification. Carbon tetrabromide
nd H2PtCl6 were obtained from Shanghai Chemical Reagents
ompany.

.2. Synthesis of polyaryl ether trisacetic acid ammonium
hloride dendron

Polyaryl ether benzylic bromide and polyaryl ether benzylic
mine were synthesized using Fréchet method and an improved
abriel method [29,30]. Polyaryl ether trisacetic acid ammo-
ium chloride dendron with three carboxymethyl groups at the
itrogen atom (Gn-NACl) is readily accessible in a reaction of
olyaryl ether amine with 6 molar equiv. of methyl chloroac-
tate. The synthesis of Gn-NACl is demonstrated in Scheme 1.
n-NH2 (1.0 equiv.), methyl chloroacetate (6 equiv.), and anhy-
rous Na2CO3 (3.0 equiv.) mixed with 50 mL of DFM were
eated at 90 ◦C for 36 h under magnetic stirring. The resultant
ixture was extracted with CH2Cl2/water and then was mixed
ith an aqueous solution of NaOH and refluxed for 5 h. The
ixture was cooled to room temperature and neutralized with
ydrochloric acid. The light brown precipitate was purified by
olumn chromatography. The yield for G1-NACl to G3-NACl is
a. 40–45%. The compounds were characterized by 1H and 13C
MR, respectively.

p
t
t
p

Scheme 1. Synthesis
ig. 1. UV–vis spectra of H2PtCl6 and G3-NACl dendrimer in an aqueous
thanol solution during the reduction process.

.3. Preparation of platinum-nanoparticle-cored polyaryl
ther trisacetic acid ammonium chloride dendrimer
Pt@Gn-NACls)

Pt@Gn-NACls nanocomposites were prepared using an alco-
ol reduction method [31,32]. Briefly, 0.5 mmol of H2PtCl6 and
proper amount of Gn-NACl (the range of the molar ratio of
2PtCl6 and Gn-NACl is between 1 and 60) were at first mixed

n aqueous ethanol (100 mL). The solution was adjusted to pH
–10 under vigorous stirring at room temperature and then was
eated to reflux for 2 h, resulting in a Pt@Gn-NACl colloidal
olution.

.4. Hydrogenation reactions

Hydrogenation reactions were carried out in a 50 mL three-
ecked, round-bottomed Schlenk flask equipped with a hydro-
en adapter, a dropping funnel, and a reflux condenser with a
econd adapter connected to a liquid paraffin bubbler. The sys-
em was purged with H2 for 30 min before the reaction. Exper-
ments were carried out by adding 10 mmol of substrate and a

roper amount of catalyst dissolved in EtOH solvent through
he dropping funnel under vigorous stirring conditions. All of
he hydrogenation reactions were carried out at an atmospheric
ressure. During the reaction process the reaction mixture was

of Gn-NACl.
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Fig. 2. Transmission electron micrographs of Pt@G3-NACl nanoparticles. The average size and standard deviation of the particles are 2.0 ± 0.6, 2.4 ± 0.6, and
5.5 ± 1.8 nm for the samples prepared in the molar ratio of Pt/G3-NACl at 1 (a), 30 (b), and 60 (c), respectively. The sample was prepared from an aqueous ethanol
solution.
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nalyzed by GC-9800 gas chromatography equipped with an
ID detector and an SE-30 packed column.

.5. Characterization

Transmission electron microscopy (TEM) studies were con-
ucted on a TECNAI-G20 electron microscope operating at an
ccelerating voltage of 200 kV. Samples for TEM analysis were
repared by dropping one drop of diluted Pt@Gn-NACl solution
nto copper grids covered with Formvar and then dried in air,
nd placed into a desiccator prior to measurement. FTIR spectra
ere measured on a Nicolet Magna 550 spectrometer. UV–vis

bsorption spectra of samples were recorded on a TU1810 SPC
pectrophotometer.

. Results and discussion

Fig. 1 shows representative UV–vis spectra of the solution
f G3-NACl and H2PtCl6 in the reduction process. The UV–vis
pectrum of the solution of G3-NACl and H2PtCl6 demonstrates
broad band in the range of 240–320 nm before the reduction. At

eflex temperature the intensity of the band gradually decreased
n the first 30 min. The color of the solution remained light yel-
ow and did not change obviously in this period. Then in a few

inutes the color of the solution changed from light yellow to
ark brown, indicating the formation of zero-valent platinum
anoparticles stabilized by G3-NACl. The UV–vis spectrum of
he solution revealed that the band in the range of 240–320 nm
isappeared completely. After reduction the spectrum intensity
f the colloidal solution increases as wavelength decreases in
he range of 250–800 nm. The changes of the spectra may result
rom the interband transition of the encapsulated zero-valent
etal particles [2]. Control experiments showed that the pH of

he solution played an important role in the reduction process of
tCl42− to Pt. When the pH of the solution was less than 9, the
eduction process of PtCl42− to Pt nanoparticle was not observed
ven refluxing the solution beyond 2 h; however, a Pt precipitate
ook place when the pH of the solution was beyond 10. Thus,
hemical reduction of PtCl42− in the presence of Gn-NACl to
ield Pt@Gn-NACl nanoparticle was always carried out in the
ange of the pH between 9 and 10.

As-prepared platinum nanoparticle-cored dendrimers in dif-
erent molar ratios of PtCl42− and G3-NACl have been character-
zed by transmission electron microscopy. Fig. 2 illustrates rep-
esentative TEM images of Pt@G3-NACl and the corresponding
ore-size histograms. As shown by TEM micrographs, the parti-
les of Pt@G3-NACl display near-monodisperse when the molar
atio of Pt and G3-NACl is below 30. A clear increase in the size
f Pt nanoparticles is observed as the molar ratio of Pt and G3-
ACl increases. When the molar ratio of H2PtCl6/G3-NACl is 1,
0, and 60, the average diameters of Pt(0) particles are 2.0 ± 0.6,
.4 ± 0.6, and 5.5 ± 1.8 nm, respectively. The core sizes of plat-
num particles exhibit a relatively wide size distribution when

he molar ratio of Pt/Gn-NACl is 60. FTIR spectroscopy (Fig. 3)
hows that there is ca. 20 cm−1 peak shift to low wavenumber,
omparing the C O band stretching vibration of Pt@G3-NACl
ith that of G3-NACl in salt form. The significant peak shift

l
f
t
d

Fig. 3. FTIR spectra of G3-NACl (a) and P@G3-NACl (b).

or Pt@G3-NACl is the evidence of the interaction between Pt
luster and carboxyl-terminated Gn-NACl [33]; this is because
he C O bond has less electron density, as the oxygen atom of
he carbonyl interacted with the surface atom of the platinum
anoparticles. The supposed configuration of Pt@G3-NACl is
hown in Scheme 2. The interaction among three carboxyl
roups terminated at the dendron and the metallic core keeps
he Pt nanoparticles from agglomerating. The dendrons attach
o the metal core radially; therefore, a substantial fraction of the
urface of the metal nanoparticle is unpassivated and available
or catalytic reactions [14].

Hydrogenation of nitrobenzenes to anilines was chosen to
e the model reaction to investigate catalytic activities of the
t@Gn-NACls with molecular hydrogen under one atmosphere
ressure. In the reaction process the system remained homo-
eneous in the first 2 h, and then agglomeration of the catalyst
as observed in the succedent reaction process; however, the

gglomeration did not influence catalytic activity obviously. We
uess that such an agglomeration is the result of the changing
f the polarity of the solution. After the reaction the dendrimer
atalyst can be isolated by centrifugation and redissolved in the
ixed solvent. Thus, the agglomeration of the catalyst in reac-

ion process is reversible.
As shown in Fig. 4, the Pt@Gn-NACls nanoparticles are

ound to be effective in the hydrogenation of nitrobenzenes.
or the hydrogenation of p-nitrophenol, the Pt@Gn-NACl cat-
lyst shows a gradual decrease of activities, with the dendrimer
eneration increasing from one to three. The same changing
endencies are also observed for the hydrogenation of other sub-
trates. It seems that the substrates chosen for the hydrogenation
an easily access the active sites through the low generation
endrimer shell with relative low steric hindrance and diffusion

imitation. As the generation of the dendrimer increases, the con-
ormation of Fréchet-type dendrimer changes from an extended
o a more globular structure [34]. The relatively close shell of
endrimer in high generation could limit the accessibility of the
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Scheme 2. The proposed

ubstrates into the active centers of platinum nanoparticle-cored
endrimer. This would lead to the decrease of the catalytic activ-
ty. Fig. 5 shows the temporal process of the hydrogenation of the
itrobenzene substrates catalyzed by Pt@G3-NACl. The substi-
utional group of the substrate influences the catalytic activity

n the same hydrogenation conditions. The Pt@G3-NACl shows
lmost the same reactivity to o-nitroanisole and p-nitrophenol
hile showing relatively low activities to nitrotoluenes. The val-
es of TOF are given in Table 1. The TOFs change from 353

ig. 4. Hydrogenation of p-nitrophenol catalyzed by Pt@Gn-NACl (nPt/

Gn-NACl = 30). Reaction conditions—nsubstrate/ncatalyst = 900; solvent: ethanol/
ater = 4 (v/v); reaction temperature: 40 ◦C.

b
w
h
m

F
N
v

uration of Pt@G3-NACl.

o 49 h−1 depending on the catalysts and the substrates used for
he hydrogenation.

The hydrogenation of o-nitroanisole was employed to inves-
igate the influence of molar ratio of substrate to catalyst on the
atalytic activity. The results are demonstrated in Fig. 6. It can

e concluded from Fig. 6 that the catalytic activity decreases
ith the increasing of the molar ratio of substrate to catalyst;
owever, the catalyst still shows nice catalytic activity; even the
olar ratio of the substrate to the catalyst is as high as 1500.

ig. 5. Hydrogenation of nitrobenzenes to anilines catalyzed by Pt@G3-
ACl (nPt/nGn-NACl = 30). Reaction conditions—nsubstrate/ncatalyst = 900; sol-
ent: ethanol/water = 4 (v/v); reaction temperature: 40 ◦C.
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Table 1
Catalytic activity of Pt@Gn-NACls for hydrogenation of nitrobenzenes to
anilines

Substrate Catalyst Time (h) Conversion
(%)

TOF (mole
product per mole
Pt per hour)

Pt@G1-NACl 2.5 100 353

Pt@G2-NACl 3 100 326
Pt@G3-NACl 4 100 242

Pt@G1-NACl 3.5 100 295

Pt@G2-NACl 3.5 100 283
Pt@G3-NACl 3.5 100 232

Pt@G1-NACl 6 100 181
Pt@G2-NACl 7 100 158
Pt@G3-NACl 8 77 95

Pt@G1-NACl 6 100 153

Pt@G2-NACl 8 93 129
Pt@G3-NACl 8 60 64

Pt@G1-NACl 8 91 112
Pt@G2-NACl 8 69 90
Pt@G3-NACl 8 49 49
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eaction conditions—solvent: ethanol/water = 4 (v/v); catalyst: Pt@Gn-NACl
nPt/nGn-NACl = 30); nsubstrate/ncatalyst = 900; reaction temperature: 40 ◦C.

After the hydrogenation the dendritic catalyst was separated
rom the reaction mixture by centrifugation and then, was redis-

ersed into ethanol aqueous solution by ultrasonic treatment.
he recovered catalyst exhibited higher activity in the first two

ecycles and retained good activity for all four cycles performed
Fig. 7).

ig. 6. The influence of the molar ratio of substrate/catalyst on the hydrogenation
f o-nitroanisol reaction conditions. Catalyst: Pt@G3-NACl (nPt/nGn-NACl =
0); solvent: ethanol/water = 4 (v/v); reaction temperature: 40 ◦C.
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ig. 7. Catalyst recycling for hydrogenation of o-nitroanisol. Reaction
onditions—catalyst: Pt@G3-NACl (nPt/nGn-NACl = 30); nsubstrate/ncatalyst =
00; solvent: ethanol/water = 4 (v/v); reaction temperature: 40 ◦C.

Several research groups reported that higher activity was
chieved for some bimetallic nanoparticles [12,15,35]. It is
elieved that an ensemble interaction between two different
etals enhances the catalytic activity. The same cooperative

nteraction between platinum and gold bimetallic nanoparticle
tabilized by Gn-NACl dendrons was also observed. Platinum
nd gold bimetallic nanoparticle demonstrated higher catalytic
ctivity for the hydrogenation of nitrobenzenes. The influence
f the cooperative interaction between two different metals to
he activity is still under investigation.

. Conclusions

Platinum nanoparticle core-polyaryl ether trisacetic acid
mmonium chloride dendrimer shell nanocomposite proved to
e an active and efficient catalyst for the hydrogenation of
itrobenzenes to anilines under an atmosphere pressure of H2.
he Pt nanoparticles capped by the dendrimer are stable during

he catalytic hydrogenation process. The catalytic activity of the
endritic catalyst decreased with the increase of the generation
f the dendrimer. The agglomeration of the catalyst in the last
ydrogenation stage has the advantages of easy separation and
euse of the catalyst. The catalyst can be recovered and recycled
t least four times.
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