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Abstract  Colloidal bimetallic gold core palladium shell nanoparticles were prepared by wet chemical method, in which 
Au(III) and Pd(II) ions in an aqueous solution in the presence of a cationic surfactant, Cetyltrimethylammonium bromide 
(CTAB). The structure and composition of the metallic nanoparticles were characterized by UV-Vis, HRTEM, SEM-EDX, 
XRD, XPS and FTIR. The catalytic activities of nanoparticles are tested on the surface chemical characterization study of 
Cetyltrimethylammonium bromide supported Au-Pd bimetallic nanoparticle catalyst, hereafter named Au-Pdnp, is reported. 
Such a catalyst was developed for the Suzuki coupling reaction and found excellent catalytic activity. Here we describe the 
catalytic performance and the FTIR studies provide proof of the mode of binding that occurs in the Palladium nanoparticle 
surface for the first time and also confirms the mechanism of the Suzuki reaction. 
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1. Introduction 
Nanoparticles exhibit significantly different properties 

relative to those of their corresponding bulk materials and, as 
such, are of interest for applications in catalysis[1 - 8], 
magnetic[9 - 11] , drug delivery systems[12 , 13] , 
semiconductors[14, 15], single electron tunnelingdevices 
[16], nonlinear optical devices[17] , electron microscopy 
markers[18] and DNA sequencing[19]. Of late, bimetallic 
nanoparticles are of great interest because of the 
modification of properties observed not only due to size 
effects, but also as a result of the combination of different 
metals, either as an alloy or as a core-shell structure, 
modifying the catalytic properties of the monometallic 
nanoparticles[20 - 26]. Recently Palladium-catalyzed Suzuki 
cross-coupling reaction has emerged as one of the most 
powerful, attractive, and widely utilized method for the 
construction of carbon–carbon bonds[27-30]. In recent years, 
there has been considerable interest in the preparation of new 
and highly active palladium catalysts to facilitate such 
transformation[31-37]. Water as solvent in transition-metal 
catalysis has many advantages for the recycling of catalyst, 
product recovery and environmental aspects[38]. The 
beneficial effects of using water as solvent especially in  
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Suzuki reactions are well documented[39,40]. In the present 
paper a surface chemical characterization study ofCetyltrim
ethyl ammonium bromide supported Au-Pd bimetallic 
nanoparticle catalyst, hereafter named Au-Pdnp, is reported. 
Such a catalyst was developed for the Suzuki coupling 
reaction and found excellent catalytic activity. Here we 
describe the catalytic performance and the FTIR studies 
provide proof of the mode of binding that occurs in the 
Palladium nanoparticle surface for the first time and also 
confirms the mechanism of the Suzuki reaction. 

2. Experimental 
2.1. Preparation of Au-Pd Bimetallic Nanoparticles 

The bimetallic nanoparticles were synthesized by 
chemical method reduction of the Au3+ and Pd2+ ions (metal 
salts) using sodium borohydride (NaBH4) as the reducing 
agent by our group previously established methods[41] The 
resulting colloidal nanoparticle solutions was very stable 
over extended periods of several months. 

2.2. Catalytic Study: Suzuki Reaction between Phenyl 
Halide Derivatives and Phenylboronic Acid to 
Substituted Biphenyl: General Procedure 

Phenylboronic acid (1.05 mmol), Iodobenzene (1.0 mmol), 
base (3 mmol) and 0.5 mol % catalyst (Au-Pdnp) were 
introduced under argon atmosphere into a 25-ml round bott
omed, two-necked flask equipped with a stirring magnetic 



 American Journal of Materials Science 2012, 2(3): 82-86 83 
 

 

bar, a bubble condenser, and a silicon stopper. The reaction 
mixture was magnetically stirred at the required temperature 
(Table 1). When needed, small samples of the reaction 
mixture were taken from the stoppered side neck. For GC 
analysis the samples were treated with either water or 0.5 M 
aqueous HCl. The organic products were then extracted with 
diethyl ether, dried over anhydrous sodium sulfate and 
analyzed by GCMS. The coupling product was purified by 
column chromatography (silica, solvent: n-hexane/ethyl 
acetate). 

2.3. FTIR Studies of Dried Films 
FTIR experiments were carried out on a Bruker Tensor 27 

spectrophotometer. The spectra were collected in the range 
4000 to 400 cm-1 in the transmittance mode. Solid samples 
were finely ground, dispersed in spectroscopic grade KBr 
and made into pellets. Liquid samples prepared in volatile 
solvents were drop cast onto the KBr pellets and allowed to 
dry before recording the IR spectra. A few drops of the 
solution were placed on a KBr pellet and allowed to dry 
before IR spectra were recorded. 

3. Results and Discussion 
3.1. Investigation of Catalytic Activity of Suzuki 

Reaction 
The catalytic activity of the bimetallic nanoparticles 

towards the Suzuki coupling reaction of Phenylboronic acid 
react with iodobenzene was studied, and the formation of 
biphenyl were observed. GC results confirmed the presence 
of biphenyl as a product. In the present work, the synthesis 
of biphenyl using a catalytic amount of bimetallic nanoparti
cles under DMF-water (3:1, v/v) solvents conditions. The 
reaction of Iodobenzene and Phenylboronic acid with 
Sodium acetate in the presence of catalytic amount of metal 
nanoparticles at 100 ℃  affords the desired biphenyl 
compounds in 99% yield (table 1, Sl.no 2). We also 
examined this reaction in different solvents, base, catalysts 

and temperature condition (Table 1). The product 
percentage yields obtained from different reactant compositi
ons show the optimum reactant compositions for maximum 
yield as those mentioned in the Suzuki reaction procedure 
(table 1). The results of product yields given in table 1 are 
determined by using the optimum reactant compositions 
only. The Sl.no 1 and 2 in the table 1 refer to the inferences 
obtained from the effects of catalysts nature. Among the 
metallic nanoparticles system, Au-Pd bimetallicnanoparticle 
catalysis shows maximum yield than mono metallic 
palladium nanoparticle. 

The Sl.no 2, 3 to 5 in the table 1 refer to the results of the 
effect of the nature of base (3.0 mmol) keeping the reaction 
temperature (100℃), solvent (DMF-water 3:1, v/v mixture) 
and 0.5 mole % catalyst as constant parameters. Maximum 
product yields for Au-Pd nanoparticle catalysts are found 
with Sodium acetate as the base and at 100℃. When Suzuki 
reaction was carried out with different solvents such as 
DMF–water and acetonitrile (table 1, Sl. no 2, 6 and 7), the 
product yields are found lesser for the DMF-water 3:1 
mixture as the solvent. The temperature effect studies show 
that, the optimum reaction temperature is found at 100℃, 
since 120℃and 150℃ reaction temperatures also produced 
the same percentage yield (table 1, Sl. no. 2, 8 and 9). In all, 
3.0 mmol Sodium acetate incorporated Suzuki reaction, 
when carried out in DMF-water (3:1) solvent mixture, 
loaded with 0.5 mole % of the catalyst, at 100℃ produced 
the maximum percentage yield of the product in the least 
reaction time (12 h) when the catalyst is Au-Pd bimetallic 
nanoparticle. The Sl. no. 2, 10 to 12 in the table 1 refer to 
the inferences obtained from the effects of catalysts loading 
to the Suzuki reaction. Among the various concentration of 
metallic nanoparticles system, Au-Pd nanoparticle with 0.5 
and 0.6 mol % catalysis shows maximum yield compared to 
the other nanoparticles system. This reaction studied 
without catalysts (Sl. no. 13 in the table 1) gave only 36.0 % 
of the Suzuki products. 

Table 1.  Reaction conditions, catalysts nature and effects of base, temperature, solvent nature and the product yield of the Suzuki 
reaction.[Phenylboronic acid] = 1.05 mmol,[Iodobenzene] = 1.00 mmol, 3:1 molar ratio of DMF-water in thermal method 

 

Sl.no Catalyst type Catalysts (mol %) Base Solvent Tem (oC) Product yield 
(%)b 

1 Pdnp 0.5 CH3COONa DMF-H2O 100oC 88.0 
2 Au-Pdnp 0.5 CH3COONa DMF-H2O 100oC 98.0 
3 Au-Pdnp 0.5 NaOH DMF-H2O 100oC 80.0 
4 Au-Pdnp 0.5 K2CO3 DMF-H2O 100oC 92.0 
5 Au-Pdnp 0.5 Et3N DMF-H2O 100oC 86.0 
6 Au-Pdnp 0.5 CH3COONa DMF 100oC 94.0 
7 Au-Pdnp 0.5 CH3COONa CH3CN 100oC 96.0 
8 Au-Pdnp 0.5 CH3COONa DMF-H2O 100oC 98.0 
9 Au-Pdnp 0.5 CH3COONa DMF-H2O 120oC 99.0 

10 Au-Pdnp 0.6 CH3COONa DMF-H2O 150oC 99.0 
11 Au-Pdnp 0.4 CH3COONa DMF-H2O 100oC 94.0 
12 Au-Pdnp 0.2 CH3COONa DMF-H2O 100oC 90.0 
13   CH3COONa DMF-H2O 100oC 36.0 

*Reaction conditions: Phenylboronic acid (1.05 mmol), Iodobenzene (1.00 mmol), Base (3.00 mmol), 12 hr; b Isolated yield. 
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3.2. The Study of Reaction Mechanism FT-IR Studies on 
the Suzuki Reaction Mechanism as KBr Pellets 

KBr enriched films of Sodium acetate (SA), Phenylboron
ic acid (PA), SA + PA, CTAB-bimetallic nanoparticles, bnp 
+ PA, and bnp + SA + PA are prepared and dried in the oven 
for 30 minutes in order to investigate how the Phenylboronic 
acid interacts with the bnp surface. In addition, films of 
iodobenzene (I), SA + I, and bnp + SA + I are also prepared 
in order to investigate how the Iodobenzene interacts with 
the bnp surface. FTIR spectra of the films are recorded in the 
range of 4000 to 400 cm-1. Table 2 summarizes the important 
vibrational modes and the frequencies observed in 
Phenylboronic acid, Phenylboronic acid + sodium acetate, 
Phenylboronic acid + bimetallic nanoparticles, and 
Phenylboronic acid + sodium acetate + bimetallic 
nanoparticles. 

Table 2.  Frequencies of different vibration modes* in Phenylboronic acid 
(PA), PA + sodium acetate (SA), bimetallic nanoparticle (bnp) + PA, and bnp 
+ PA + SA at 25℃ 

Vibration Mode* Frequency in (cm-1) 
PA PA+SA bnp+PA bnp+PA+SA 

B-O Stretching 1344 1346 1348 1383 
B-C Stretching 1085 1087 1069 1102 
B-C Stretching 1174 1180 1187 1179 
Out-of-plane 

phenyl     

ring deformation 696 700 697 705 
Shoulder next to 

out-of-plane 
phenyl ring 

    

deformation 650 579 652 581 

Figure 1 a-f shows the FT-IR spectra in the region of 4000 
to 400 cm-1 obtained from dried films of bimetallic 
nanoparticles (bnp) (figure 1a), sodium acetate (SA) (figure 
1b), Phenylboronic acid (PA) (figure 1c), SA + PA (figure 
1d), PA + bnp (figure 1e), and bnp + PA + SA (figure 1f). 
Band assignments for PA are obtained from a previous 
infrared spectral study in the literature[50]. It can be seen 
that the B-O stretching band shifts from 1383 cm-1 in the 
presence of PA to 1344 cm-1 when the nanoparticles are 
added to PA + SA in solution before drying. In the spectra of 
PA + SA without the presence of bimetallic nanoparticles, it  
is observed that the B-O stretching band occurs at 1346 cm-1, 
and this suggests that deprotonation does not occur in the 
film due to the loss of water upon drying and thus does not 
result in a shift in the B-O stretching mode. The large shift in 
the B-O stretching frequency that occurs when the bimetallic 
nanoparticles are added to PA and SA prior to evaporation of 
the solution is an important indication that the Phenylboron
ate anion (formed from PA due to the presence of SA) binds 
to the nanoparticle surface through the B-O- group. In the 
case of the bimetallic nanoparticles + PA, it is observed that 
the B-O stretching mode occurs at 1348 cm-1, suggesting that 
the addition of PA does not result in the binding to the 
Pd-bimetallic nanoparticle surface. This provides additional 
evidence that the Phenylboronic acid must be in the form of 
Phenylboronate anion in the presence of sodium acetate in 

order to bind to the palladium nanoparticle surface. 

 
Figure 1.  (a-f) a-f FTIR spectra of Phenylboronic acid (PA), Sodium 
acetate (SA), SA + PA, bimetallic nanoparticles (bnp), bnp + PA, and bnp + 
SA + PA in 4000 to 400 cm-1 region (a) bnp, (b) SA, (c) PA, (d) SA + PA, (e), 
PA + bnp, (f) bnp + SA + PA at 25℃ 

An interesting question involves determining how the 
boronate group (BO2-) of phenylboronate anion binds to the 
nanoparticle surface and Figure 2 illustrates two possible 
binding modes. The phenylboronate anion can bind to the 
bimetallic nanoparticle surface through a single bond 
between its B-O- group and the bnp atom (terminal binding) 
or through both of its B-O- groups to two bnp atoms (bridged 
binding). Terminal binding would result in bands existing in 
both the 1346 cm-1 and the 1383 cm-1 regions since one B-O- 
group would be bound to the bimetallic nanoparticles while 
the other B-O- group would be free. The blue shift in the B-O 
stretching mode that occurs when the nanoparticles are 
exposed to PA + SA is relatively large (~37 cm-1). Since 
there is no band in the 1346 cm-1 region and only one shifted 
band is observed at 1383 cm-1, the phenylboronate anion 
most likely binds through a bridge involving two B-O-bnp 
bonds. 

 
Figure 2.  Illustration of phenylboronate anion and the two possibilities of 
binding to the Au-Pd nanoparticle surface which can occur. The binding can 
occur through one B-O- group or through both B-O- groups 

FTIR Studies on Films of Iodobenzene and the Pd-bnp 
Nanoparticles interaction 

Figure 3a-e show FTIR spectra in the region of 4000 to 
400 cm-1 for the following conditions involving bnp (figure 
3a), sodium acetate (SA) (figure 3b), iodobenzene (I) (figure 
3c), I + SA (figure 3d), and bnp + I + SA (figure 3e). The 
band assignments for iodobenzene were obtained from 
infrared spectral studies conducted in the literature[51]. It 
can be seen that there are no shifts in the bands that are 
associated with characteristic vibrational modes ofiodobenz
ene. There are no shifts in the four C-C stretching modes at 
1551 cm-1, 1499 cm-1, 1472 cm-1, and 1398 cm-1. There are 
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no shifts in the C-I stretching mode at 1059 cm-1 and the 
C-C-H in-plane bending mode at 1079 cm-1. There are also 
no shifts in the ring breathing mode at 898 cm-1 or in the two 
CH out-of-plane bending modes at 845 cm-1 and 731 cm-1. 
Finally, there is also no shift in the C-C-C nonplanar twist 
mode at 688 cm-1. Since there are no shifts in the bands 
associated with the characteristic vibrational modes of 
iodobenzene, it is concluded that iodobenzene does not have 
specific bonding to the surface of the bimetallic nanoparticl
es. 

 
Figure 3.  a-e FTIR spectra of Iodobenzene (I), Sodium acetate (SA), 
bimetallic nanoparticles (bnp), SA + I, and bnp + SA + I in 4000 to 400 cm-1 
region (a) bnp, (b) SA, (c) I, (d) I + SA, (e) I + SA + bnp at 25℃ 

4. Conclusions 
In conclusion, we have synthesized a novel family of 

Au-Pd core-shell bimetallic nanoparticles from the wet 
chemical method of metal-surfactant complexes has been 
reported our previously report. We have demonstrated that a 
colloidal solution of Au-Pd bimetallic nanoparticles is an 
efficient catalyst for Suzuki cross-coupling reactions in 
aqueous solution. The surface of palladium has a reasonably 
high surface area and pore volume making it an attractive 
host for the insertion of nanoparticles. The size of the 
bimetallic nanoparticle could be controlled within the CTAB. 
The UV-Vis, HRTEM, XRD, SEM-EDX, XPS and FTIR 
analyses all suggest the formation of a core-shell Au-Pd 
structure. The catalytic activity of the Suzuki coupling react
ion has monitored by FTIR spectroscopy. The bimetallic 
nanoparticles were found to have high catalytic activity than 
mono metallic nanoparticle. The high catalytic activity of 
bimetallic nanoparticles is probably due to the sequential 
electronic effect between elements in a particle. More 
detailed investigations of nanoparticle structure effects on 
the catalytic activity and their applicability in other synthetic 
transformations are currently under investigation. 
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