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Abstract: A new fourth-generation poly(propylene imine) dendrimer (G4-M) containing 32 triolefinic 15-
membered macrocycles on the surfaces has been synthesized. The bimetallic RuRh dendrimer-stabilized
nanoparticles (DSNs) were first prepared within G4-M by a co-complexation route. The new G4-M den-
drimer has been characterized by 1H nuclear magnetic resonance, infrared radiation, and elemental analysis.
The dendrimer-stabilized bimetallic ions and reduction courses were analyzed by UV-vis spectroscopy. High-
resolution transmission electron microscopy and energy dispersive spectrometer were used to characterize the
bimetallic nanoparticle size, size distribution, and particle morphology. The RuRh bimetallic DSNs showed
high catalytic activity for the hydrogenation of nitrile-butadiene rubber.
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Introduction

In recent years, bimetallic nanoparticles has at-
tracted a great deal of attention among scientists due
to their applications in numerous catalytic reactions,
including catalytic reforming reactions, hydrogenation,
pollution control, and alcohol oxidation [1-2]. This is
because the addition of a second metal is an impor-
tant approach for tailoring the electronic and geometric
structures of nanoparticles that would make it possible
not only to obtain catalysts with improved catalytic
activity owing to a synergistic effect but also to create
new types of catalysts, which may not be achieved by
monometallic catalysts [3-5].

Dendrimer has a stereoregular, highly branched and
well-defined structure. Therefore, it can act as nanopar-

ticle template to form encapsulated metal nanoparticle
catalyst [6]. Moreover, the dendrimer surface stabi-
lized metal nanoparticle catalyst (DSNs) can be ob-
tained when connecting the catalytic active centers to
the surface of the end-functional dendrimer [7]. Nor-
mally the preparation of nanoparticles within the den-
drimers involves two processes. Firstly, the metal ions
coordinated with the dendrimer template, and then the
metal nanoparticles were synthesized by the reduction
of metal ions into the neutral atoms [8]. The 6-nm
Au/Pt bimetallic nanoparticles, which were stabilized
by polyaryl ether trisacetic acid ammonium chloride
dendrimer (G3NACI) and used as catalysts for the hy-
drogenation of 3-phenoxybenzaldehyde and nitroben-
zenes, were synthesized by Yang et al. [9]. The cat-
alytic capability of bimetallic nanoparticles is higher
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than that of physical mixtures of monometallic Pt and
Au nanoparticles. The double bonds in the nitrogen
containing triolefinic 15-membered macrocyclic ligand
are excellent ligands for transition metal atoms. In ad-
dition, the macrocyclic ligands possess excellent anti-
oxide property and tend to coordinate with metal atoms
to form complexes, which is beneficial to stabilize and
recover the metal nanoparticles [10]. Using new den-
drimers with triolefinic 15-membered macrocycles at
the end of the dendron as stabilizers for preparing
metallic nanoparticles provides the advantage of mini-
mal surface deactivation for catalytic applications. The
phosphorus dendrimers containing 15-membered aza-
macrocycles on the surfaces were utilized as stabilizers
to prepare 2.5-7.9 nm Pd catalysts by Sebastian et al.
[11]. The Pd catalysts were efficient, could be recovered
and reused in Mizoroki-Heck reaction in homogeneous
and heterogeneous manner.

In this paper, RuRh bimetallic DSNs were first
prepared by a co-complexation route with fourth-
generation 15-membered azamacrocycles-terminated
poly(propylene imine) (PPI) dendrimer as stabilizer.
The end-functional dendrimer was used to control the
particles size, to enhance dispersity and to prevent ag-
glomeration. The hydrogenation of nitrile-butadiene
rubber (NBR) was carried out to investigate the cat-
alytic activity of bimetallic DSNs catalysts. The results
showed that the RuRh bimetallic DSNs exhibited en-
hanced catalytic activities compared with the physical
mixtures of corresponding monometallic DSNs.

Experimental sections

Materials

RuCl5(99 wt%),RhCl5(99 wt%), NaBH4(99 wt%),
RhCI(PPhs)3(99 wt% ), TPP(99 wt%)were obtained
from the Shanghai Chemical Reagents Company. The
NBR(N31, ACN: 33.5 wt%) was obtained from the
Shanghai Nessen international Trading Co., Ltd. The
G4 poly(propylene imine) dendrimers with a di-
aminobutane core were purchased from SyMO-Chem
B.V in the Netherlands. The nitrogen-containing tri-
olefinic 15-membered macrocycles was synthesized as
described in reference with some changes [12].

Instruments

High-resolution transmission electron microscopy
(HRTEM) micrographs having a point-to-point reso-
lution of 0.23 nm were obtained using JEOL JEM-
2100UHR transmission electron microscope equipped
with an ISIS-300 X-ray energy dispersive spectrome-
ter (EDS). UV-vis was analysed using Beckman UNI-
CAM UV-500 UV—vis spectrophotometer. A Bio-Rad
FTS3000 FTIR spectrometer was used to carry out
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FTIR analysis.

Synthesis of 15-membered azamacrocycles-
terminated fourth-generation PPI dendrimers
(G4-M)

The 15-membered azamacrocycles (0.84 g, 8.4 X
107! mmol) and the fourth-generation PPI (G4-NHa
)(46 mg, 1.31 x 1072 mmol) were added to KoCO3
(0.58 g, 4.2 mmol) in CH3CN (35 mL). The mixture
was stirred for 24 h at 90°C under argon. The sol-
vent was evaporated, and the residue was digested
with dichloromethane. Salts were eliminated by pass-
ing through Celite, and the filtered solution was evap-
orated. The residue was washed with ethyl acetate-
pentane (1:6) for three times and dried to afford G4-M
as a white solid.

Preparations of RuRh bimetallic DSNs

G4-M(RuRh) DSNs were synthesized by simultane-
ous co-complexation of two different metal ions, fol-
lowed by a single reduction step. Firstly, G4-M(0.12 g,
3.65 x 1073 mmol) was dissolved in 50 mL THF to yield
a dendrimeric solution. Secondly, co-complexation of
metal ions with dendrimers was carried out by adding
a total volume of 1.0 mL of both 0.10 M RuCl3 and
0.10 M RhCl3 solutions to the THF solution of G4-M
in a 100 mL shake-flask. After stirring at 200 rpm for
24 h, 5.0 mL of 0.5 M NaBHy4 solution was added drop-
wise under vigorous stirring, and then the mixture was
stirred at 200 rpm for 1 h. Finally, the pH value of the
solution was adjusted to 7~8 with 0.1 M HCI aqueous
solution.

Hydrogenation reactions

As described in Ref. [13], the hydrogenation of NBR
was carried out in a 0.3 L autoclave reactor. A cer-
tain amount of NBR (3.6 g) dissolved in the chloroben-
zene (150 mL) was first added to the reactor, and the
mixture was degassed with No (2.4 L/min) for three
times at room temperature with the agitating speed
of 400 rpm. A measured volume of bimetallic DSNs
solution (DSNs/NBR = 0.35 wt%) was added to the
NBR mixture when the temperature was 100°C. The
hydrogen gas was introduced to the reactor by a hydro-
gen adapter and maintained at 5.5 MPa. The hydro-
genation temperature (100°C) and the agitating speed
(800 rpm) were maintained constant for 9 h. The sys-
tem was cooled down after a given reaction time. The
methanol was added to the system to flocculate the rub-
ber, and the final product was obtained after drying the
rubber in vacuum. The organic solutions were evapo-
rated, and the bimetallic DSNs catalysts were recovered
and reused in the next run under the same condition.
There was no evidence for DSNs aggregation after the
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hydrogenation reaction, indicating that the catalysts
were stable within the reaction periods. The degree of
hydrogenation (HD) was calculated by the absorption
constant (k) based on the strength of the characteristic
peaks from the IR spectrum [14]. (Fig. S1 in supporting
information)

Gel fraction measurements

The gel fraction measurements were carried out by
use of a solvent extraction technique, the details of
which have been described [15]. Briefly, 0.2 g of dried
film of hydrogenated NBR was first cast and then mixed
with 25 ml chlorobenzene for 24 h. The dissolved por-
tion is determined gravimetrically from the amount of
solids remaining in the supernatant after the centrifu-
gation of the mixture system at 10000 rpm for 30 min.
The gel fraction is the percentage of the insoluble poly-
mer in the total film sample.

Results and discussion

Figure 1 shows the UV-vis absorption spectra of Ru
and Rh metals during the process of co-complexation
and the subsequent reduction. The characteristic ab-
sorption peak of G4-M was at 293 nm, after the ad-
dition of Ru** and Rh3*t, the peak was shifted to
297 and 298 nm, respectively (Fig. 1(a)). The UV-
vis data indicated the interaction between the metal-
lic ions (Ru®*, Rh3") and the tertiary amine groups
of G4-M dendrimer [16]. The presence of metallic ions
(Ru*t, Rh*") coordinated to the endocyclic olefins of
macrocycle can be deduced from the 1H nuclear mag-
netic resonance (IHNMR) spectra [17]. The free G4-
M presented signals for the endocyclic olefinic protons
at 0 ~5.70-5.80 (Fig. S2(a)), whereas some strong up-
field shifts were observed up to 6 ~2.50-3.40 (depend-
ing on the proton considered) (Fig. S2(b)) for metallic
ions complexes. After reduction of the composite of
Ru3* and Rh3*, the absorption peak at 297 nm turned
weaker. Figure 1(b) presents a series of UV-vis spec-
tra of the RuRh bimetallic nanoparticles with various
Ru/Rh ratios (G4-M(RuxRhy), where x/y = Ru/Rh
molar ratio). As the content of Rh in the bimetallic
nanoparticles increased, the intensity of the absorption
peak at 296 nm increased, but the peak at 362 nm
gradually decreased. That the absorption bands are
of nearly exponential shape indicates the complete re-
duction of metal ions [18]. Moreover, it should be noted
that the spectra of the resulting nanoparticles are differ-
ent from those of the monometallic nanoparticles that
attributed to the change in dielectric function caused
by mixing two different metal atoms [19]. Therefore, it
can be suggest that bimetallic nanoparticles are formed
with the G4-M dendrimers as stabilizer.
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Fig. 1 (a) Variations in the UV-vis spectra of Ru and Rh

metals during the course of co-complexation and the subse-
quent reduction; (b) UV-vis spectra of G4-M(RuxRhy) with
various Ru/Rh ratios. In all cases, the final concentrations
of total metal and G4-M were 0.07 mM and 1.97 x 1075 M,

respectively.

The HRTEM micrographs of G4-M(RuRh) are
shown in Fig. 2. The monometallic (Ru, Rh) and
RuRh bimetallic nanoparticles prepared by the re-
duction of co-complexation metal ions demonstrated
a Gaussian-like size distribution, and the shape of
nanoparticles is nearly uniform and almost spheri-
cal. The average diameter of the metallic nanopar-
ticles was 3.3 £ 1.1 nm, 85 £ 2.6 nm, 6.1 £
14 nm, 45 + 1.5 nm and 7.7 £ 2.1 nm for
G4-M(Rh) (Fig. 2(a)), G4-M(Ru) (Fig.2(b)), G4-
M(Ru7Rh3) (Fig. 2(c)), G4-M(Ru5Rh5) (Fig. 2(d)),
and G4-M(Ru3Rh7) (Fig. 2(e)), respectively. The re-
sults demonstrated that the average size of metallic
nanoparticles does not depend on the Ru/Rh ratio.

HRTEM results of G4-M(Ru5Rh5) further confirmed
the bimetallic nature of the obtained RuRh nanoparti-
cles. Due to rapid reduction of precursors, the nanopar-
ticles were not well crystallized; however, some results
could be obtained according to XRD (Fig. S3 in Sup-
porting information). The lattice spaces of 0.223 nm
and 0.272 nm which correspond to Rh (111) (Fig. 3(c))
and Ru (111) (Fig. 3(b)) respectively, were both found
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Fig. 2 HRTEM images and the corresponding size distribution histograms of G4-M(Rh) (a); G4-M(Ru) (b); G4-M(Ru7Rh3)
(¢); G4-M(RubRh5) (d) and G4-M(Ru3Rh7) (e) nanoparticles.
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Fig. 3 HRTEM images of G4-M(Rh) (a); G4-M(Ru) (b); G4-M(Ru5Rh5) (c); EDS analysis for the G4-M(Ru5Rh5) bimetallic

nanoparticles (d).

by HRTEM as shown in Fig. 3(¢c), indicating that Rh
and Ru components co-exist in sole particle. The EDS
was also used to confirm that the nanoparticles were in-
deed alloy of Ru and Rh in G4-M(RusRhs) (Fig. 3(d)).
Ru and Rh were detected at 2.56 keV and 2.70 keV
respectively in similar studies [20].

The gel fraction measurement of hydrogenated NBR
was determined through a solvent extraction technique.
It was observed that HNBR sample was completely dis-
solved into chlorobenzene and no precipitate was found
after rigorous centrifugation. In addition, the devia-
tion between the weight of HNBR sample (W1) and the
weight of HNBR in sample-chlorobenzene solution after
centrifugation (W2) did not exceed 1.5%. These results
indicated that there was no gel formation in the resul-
tant HNBR product and confirmed the advantage of
Wilkinson’s catalyst [13], that is, the RuRh bimetallic
DSNs can effectively suppress the crosslinking of NBR
during the hydrogenation reaction.

In this study, the catalytic capability of the catalyst
was represented by HD which was determined via FT-
IR spectra. Figure 4 shows a set of representative FT-
IR spectra of NBR with different HD. The absorption
peaks at 2236 cm~!, 970 cm~! and 917 cm~! corre-
sponds to the cyano group (C=N), the 1, 4-trans double
bond and the 1, 2-vinyl terminal bond. The intensity of
the peak attributed to the olefinic double bond at both
970 cm ! and 917 em ™! decreased gradually with an in-
creasing in the degree of hydrogenation. There is a new
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peak at 723 cm~! assigned to the saturated (-CH2-)n,
n>4, while the peak at 2236 cm~! is unchanged [14].
This explains the RuRh bimetallic DSNs catalyst can
achieve the target of hydrogenation NBR.

— NBR
— 65.85%(HD)
— 89.74%(HD)
— 99.51%(HD)
1,4-trans C=C(970)
—CN stretch(2236)

1,2-vinyl C=C(917)

Transmittance

saturated — CHy-units(723)

2500 2000 1500 1000

Wavenumber (cm~1)

Fig. 4 A set of representative FT-IR spectra of NBR with
different extent of hydrogenation. Conditions: NBR = 3.6
g, bimetallic DSNs/NBR, = 0.35 wt%, 800 rpm of agitation,
100°C 5.5 MPa of Ha (Reaction time: 9 h).
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Figure 5 shows the quantitative HD of NBR with the
RuRh bimetallic DSNs and the physical mixtures of Ru
and Rh monometallic ones as hydrogenation catalyst,
respectively. Monometallic Ru DSNs yielded the low-
est HD (65.85%). The HD of NBR which was catalytic
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hydrogenated by the physical mixtures of Ru and Rh
monometallic nanoparticles basically linearly increased
with the increase in Rh content. Although the diame-
ter of Rh monometallic DSNs was smaller than that of
the RuRh bimetallic DSNs (Fig. 2(a) and Fig. 3), the
RuRh bimetallic DSNs (Ru/Rh ratios of 7/3, 5/5 and
3/7) gave larger HD than the relative physical mix-
tures of Ru and Rh monometallic DSNs. The maxi-
mum HD (99.51%) was obtained when the Ru/Rh ratio
was 3/7. The higher catalytic activity of the bimetal-
lic DSNs may be attributed to synergistic electronic
effect [18]. According to Pauling [21], the electroneg-
ativity of rhodium (2.28) is larger than that of ruthe-
nium (2.20). The electronic interaction between these
two different metals would allow the Rh to attract elec-
trons from Ru, which could make the electron density of
Ru become lower. This effect could make the bimetal-
lic cluster more active than monometallic ones because
the NBR with double bond favors the electron-deficient
surface. The dendrimer branches can be used as selec-
tive gates to control the access of small molecules (sub-
strates) to the encapsulated (catalytic) nanoparticles
[16]. The NBR could not contact the catalyst due to
the high molecular weight, however, the catalytic capa-
bility of the bimetallic nanoparticles was very strong,
and the maximum HD could be 99.51%. These results
suggested that the bimetallic nanoparticles formed on
the surface of the G4-M dendrimers.
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Fig. 5 Hydrogenation degree of NBR as a function of the
molar ratio of rhodium in RuRh bimetallic DSNs and the
physical mixtures of Ru and Rh monometallic ones. Condi-
tions: NBR=3.6 g, bimetallic DSNs/NBR = 0.35 wt%, 800
rpm of agitation, 100°C, 5.5 MPa of Hz (Reaction time: 9
h).
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The HD of NBR catalyzed by G4-M(Ru3Rh7)
bimetallic nanoparticles and Wilkinson’s catalyst
(RhC1(PPh3)3) versus reaction time was shown in
Fig. 6(a). For each type of catalyst, there was an in-
crease in the HD with the reaction time and the max-
imum HD (99.59%) can be reached, the rate of hydro-
genation reaction was all very large within 2 h and then
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slowed down. The HD and hydrogenation reaction rate
of G4-M(Ru3Rh7) nanoparticles are higher than those
of Wilkinson’s catalyst (RhC1(PPhg)s). These results
may be due to the synergistic electronic effect [22] and
the advantage of the minimal surface deactivation pro-
vided by the bimetallic DSN [11]. Figure 6(b) shows
the HD of NBR catalyzed by G4-M(Ru3Rh7) bimetal-
lic nanoparticles in the different cycles. Only slight loss
of catalytic activity was observed within 3 cycle times.
The HD reached the minimum of 49.35% after 5 cy-
cle times, which could be attributed to the loss of the
amount of the catalyst. The initial amount of catalyst
was 12.6 mg, while 7.1 mg was recovered after the fifth
cycle.
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Fig. 6 (a) Hydrogenation degree versus reaction time for
G4-M(Ru3Rh7) and RhCl(PPhs)s catalyzed hydrogenation
of NBR. Conditions: NBR = 3.6 g, catalysis/NBR=0.35
wt %, RhCl(PPhs)s/TPP is 10 wt%, 800 rpm of agitation,
100°C, 5.5 MPa of Ha; (b) Hydrogenation degree of NBR
catalyzed by G4-M(Ru3Rh7) in different cycles.

Conclusions

A new fourth-generation PPI dendrimer containing
32 triolefinic 15-membered macrocycles on the surfaces
has been prepared. The monodispersed RuRh bimetal-
lic nanoparticles stabilized by G4-M dendrimer with the
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size of 4.5 + 1.5 nm, 6.1 £ 1.4 nm, 7.7 + 2.1 nm
were successfully prepared and used as catalysts for
the hydrogenation of NBR. No cross-linking is found
in the final hydrogenated product. The UV-vis ab-
sorbance spectra and catalytic hydrogenation activities
of the RuRh bimetallic nanoparticles are different not
only from those of their monometallic nanoparticles but
also from those of their physical mixtures. The G4-
M(Ru3Rh7) bimetallic nanoparticles exhibited higher
catalytic hydrogenation activity than the Wilkinson’s
catalyst, and can be recycled for three time with slight
loss of activity. These results suggest that the end-
functional dendrimer can be used as template for the
preparation of metal nanoparticle catalysts.
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