Synthesis, Characterization and catalytic activity of Amphiphilic PPI Dendrimer Stabilized ruthenium nanoprticles catalyst for the reduction of 4-nitrophenol
Eagambaram Murugan* and Iqbal Pakrudheen
Department of Physical Chemistry, School of Chemical Sciences,

University of Madras, Maraimalai Campus, Guindy, Chennai – 600 025, 
Tami nadu.India
*Corresponding Author:

Dr. E. Murugan

Department of Physical Chemistry, 

School of Chemical Sciences, 

University of Madras, 

Maraimalai Campus, Guindy

Chennai-600025,Tamil Nadu, India.

Tel.: +91 44 22202818/22202819
fax: +91 44 22352494
E-mail address: dr.e.murugan@gmail.com.
Abstract

The homogenous metal nanoparticle catalyst viz., amphiphilic poly(propyleneimine) dendrimer (APPI) stabilized ruthenium metal nanoparticle 
catalyst (APPI-RuNPs) has been prepared by simplified procedure. The resulting APPI-RuNPs catalyst was characterized with Fourier transform infrared spectroscopy, energy-dispersive x-ray analysis, scanning and transmission electron microscopy techniques. The catalytic efficiency of APPI-RuNPs catalyst was examined through reduction of 4-NP in aqueous phase and determined the pseudo first order rate constant. In order to know the effect of [NaBH4] on the reduction of 4-NP, the pseudo first order rate constant was determined by varying the four different concentrations. The obtained kobs have suggested that the concentration of each variable is proportionately influenced the reaction.
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1. Introduction
Metal nanoparticles with various supports have been utilized for a number of applications like sensors, electronic devices, catalysts in many related fields such as chemistry, physics, biotechnology and material science due to their nanoscale size, high surface-volume ratio and catalytic properties [1–3]. Normally, to prevent aggregation, metallic nanoparticles are situated on supports such as polymers, metal oxides, silicates, dendrimers, colloids and latex particles [1,4]. Dendrimers are monodispersed macromolecules, with a well-defined branched three-dimensional architecture [5,6]. Their structure and chemical properties can be controlled by modifying the core, the type and number of branches, and the terminal functional groups. The first dendrimer, poly(propyleneimine)(PPI) was synthesized in 1978 by Buleier et al[7]. Since then, many new classes of dendrimers have been reported, such as poly(amidoamine) (PAMAM)[8] the arborols by Newkome and co-workers [9] and the polyether dendrimers described by Piotti et al[10]. Dendrimer-encapsulated nanoparticles (DENPs) are interesting as catalysts for several reasons [11–13]: first, one can control the composition, solubility and immobilization of the NP [14]; second, the dendrimer prevents aggregation, but it does not passivate the active sites on the metal surface; third, DENPs are easily recycled via filtration and centrifugation [15,16]. Finally, the dendrimer can be configured to provide both reactant and product selectivity [17]. DENPs are synthesized by complexing metal ions within dendrimers and then reducing those to zerovalent metal atoms. The use of DENPs as catalysts was proposed in 1998 by the groups of Crooks [18] and Tomalia[19]. Recently, many catalytic applications are reported which includes hydrogenation and C–C coupling in water [17], organic solvents [20], biphasic fluorous solvents [15] and supercritical CO2 [21]. 
Nanoparticles of many metals, such as gold [22], platinum [22,23], palladium [24], cobalt [22], rhodium [23] and silver [22] have been studied with a wide variety of experimental techniques. However, the synthesis of ruthenium nanoclusters is scarcely reported, despite the important technological role of ruthenium [24]. Ruthenium has been known to exhibit a very unique activity as a catalyst. For example, Ru catalysts have the highest catalytic activities for ammonia synthesis [25]; alumina-or-silica supported ruthenium selectively reduces nitrogen oxide to nitrogen [26]; zeolite-supported ruthenium is an excellent catalyst for the water-gas-shift reaction, and it is also active in the hydrogenation of carbon monoxide [26]. Amphiphilic polymers are of fundamental scientific interest and find their use in industrial applications. Recently, special architectures have been employed to construct new amphiphilic polymers in particular [27] dendrimers and star polymers.
In the present study, we have report the preparation of homogenous metal nanoparticle catalyst using amphiphilic PPI (APPI) dendrimers with aliphatic epoxides terminal group as a template/stabilizing agent and ruthenium as a nanoparticle catalyst. This APPI stabilized RuNPs catalyst is in turn employed to conduct the reduction of 
4-nitrophenol reaction. Because, the reduced product viz., 4-aminophenol is an important intermediate for various pharma industries. 
2. Materials and Methods

2.1. Materials

Second generation amine terminated poly(propyleneimine)(PPI) dendrimers having diaminobutane core (G2-NH2) was obtained from Symo-chem, Netherland. 
1,2-epoxy hexane (97%, Lancaster), RuCl3.3H2O (Loba Chemie), Sodium borohydride (SRL), Methanol (SRL), 4- Nitro phenol (SRL) were used as received. Deionized water was used to prepare all the solutions.
2.2 Preparation of amphiphilic poly(propyleneimine) dendrimer (APPI)

The amphiphilic poly(propyleneimine) (APPI) dendrimer has been 
prepared by modifying the Zhang etal [28] procedure (Scheme.1). The amphiphilic poly(propyleneimine) dendrimer with 1,2-epoxyhexane as a surface group has been prepared by conducting the reaction between PPI(G2) dendrimer and 1,2-epoxyhexane.That is, the commercial PPI(G2) derived from diaminobutane core has contains -8NH2 groups, to convert all the -8NH2 surface groups into 1,2-epoxyhexane, the ratio of PPI(G2) and 1,2-epoxyhexane has been fixed as 1:16 equivalents. 250 mg (0.3233mmol) of PPI(G2) dissolved in 10 ml of methanol was taken in a 25 ml round-bottomed flask and stirred well. To the stirred solution 0.5180 g (5.1717 mmol) of 
1,2-epoxyhexane in 2 ml of methanol was added drop wise and vigorous stirring was continued at ambient temperature for 3days and then it was refluxed for about an 1hr. The methanol and unreacted 1, 2-epoxyhexane were removed by rotary evaporator, and the product was dried in a vacuum to yield the amphiphilic poly(propyleneimine) dendrimer (APPI) template as a viscous oil and this in turn was characterized with FTIR.
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Scheme 1. Synthesis of Amphiphilic PPI dendrimer using 1, 2-Epoxyhexane.
2.3 Preparation of APPI stabilized ruthenium nanoparticle catalyst (APPI-RuNPs)
APPI stabilized ruthenium nanoparticle catalyst was prepared by adapting the simplified procedure [29] (Scheme.2): 100 mg (4.2 x 10-5 mol) of APPI dissolved in methanol (20 ml) and water (16 ml) was taken in a 100-ml round-bottomed flask, to that 0.1222 g (1.63 x 10-3 mol) of RuCl3.3H2O was added and the solution was stirred well, and then 4 ml of aqueous solution of NaBH4 (0.2229 g, 1.6309 x 10-2 mol) was poured into the reaction mixture and the resulting black colour solution was stirred for 6h under N2, after the reaction time is over, the solution was centrifuged and dried in vacuum oven and thus obtained APPI stabilized RuNPs catalyst in the form of powder (black colour). 
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Scheme 2. Synthesis of APPI stabilized RuNPs Catalyst 

2.4. Catalytic properties of APPI-RuNPs for the reduction of 4-nitrophenol 
The reduction of 4-nitrophenol was studied as a model reaction to probe the catalytic activity of APPI-RuNPs in a heterogeneous system using NaBH4 as a reducing agent. The catalytic reaction was carried out in a standard quartz cell with a 1-cm path length and ~3.2 mL volume. The procedure were as follows: 0.25 mL of 100 mM NaBH4 was added to 2.5 mL of triply distilled water containing 1.0 mM of 4-nitrophenol (0.25mL) in a quartz cell, the addition of NaBH4 has changed the solution color from light yellow to yellow-green and subsequently 200 (L of APPI-RuNps was added and the reaction was allowed to proceed. The occurrence of the reduction reaction was monitored periodically (every 5 min) by measuring the disappearance of characteristic peak (-NO2) at 400 nm. The reaction is conducted at ambient temperature and the UV-vis was recorded from 180–600 nm range.
2.5 Characterization

2.5.1 FTIR and UV-Visibile
All FTIR spectra were recorded using Bruker Tensor-27 FTIR spectrophotometer. The analysis was done by making use of KBr pellets with required amount of sample, the background calibrations have been carried out using pure KBr pellet. UV-Vis spectra were measured on Techomp 8500 instrument.
2.5.2 Transmission electron microscopy and energy dispersive X-ray spectroscopy

HRTEM images were recorded on JEOL 3010 high-resolution transmission electron microscope (HRTEM) operated at 300 keV. Samples were prepared by placing a micro drop of the nanoparticle solution on a carbon- coated Cu TEM grid, which had been pretreated by glow discharge to render the carbon surface slightly hydrophilic, and then allowing the solvent to evaporate in air and recorded with various acceleration voltages from 200 keV to 300 KeV. The atomic composition of the catalysts was confirmed by the EDX technique coupled to a scanning electron microscopy Hariba EMAX with applying voltage of 15 keV.
2.5.3 X-ray diffraction
The physical property like average crystallite size and lattice parameters of the catalyst were also examined by XRD techniques using a Bruker diffractometer. The 
X-ray diffractograms were obtained with a scan rate of 0.3 s−1 for 2θ values between 10 and 80◦. In all cases the incident wavelength was 1.5406 °A (Cu). 
3. Results and Discussion
3.1 Synthesis and characterization of amphiphilic poly(propyleneimine) dendrimer template (APPI)
The PPI-NH2 (G2) was treated with 16 equivalents of 1,2-epoxyhexane in the presence of methanol yielding the APPI template. The structure of amphiphilic dendrimer template was examined by FTIR measurement. The FTIR spectra of PPI and APPI dendrimers were shown in Fig.1a and Fig.1b respectively. The PPI shows the four characteristic peaks at regions of 3356 cm-1 (N-H str), 2934 and 2858 cm-1 (C-H str), 1463 cm-1 (C-H bend), 1305 cm-1 (C-N str). Where as, in APPI the N-H stretching peak disappeared  at  3356 cm-1 and equally an appearance of a new band of O-H stretching at 3350 cm-1 and a high intense peak at 2930 and 2862 cm-1 for –C-H(str) due to epoxy hexane were noticed. The appearance of these two characteristic peaks confirming the functionalization of the peripheral amine groups of PPI by 1,2-epoxyhexane . 
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Fig 1. FT-IR Spectrum of (a) plain and (b) amphiphilic PPI dendrimer (APPI)
3.2 Preparation of APPI stabilized RuNPs catalyst
Many templates and supports have already been used to stabilize the metal nanoparticle catalysts. However, each templates/supports has its own merits/demerits. Particularly, several reports have been appeared by focusing the demerits viz., aggregation/passivation of metal nanoparticle catalysts in the templates/supports. None of them have synthesized an effective template/stabilizing agent by simplified procedure with excluding the aggregation/passivation of metal nanoparticle catalyst (MNPs). In this study, APPI has been prepared by simplified experimental procedure taking PPI (G2) and 1,2-epoxyhexane as a starting materials. The functionalization of 1,2-epoxyhexane onto the peripheral group of –NH2 in PPI(G2) has been well established with FTIR results. To get the APPI-RuNPs, the Ru3+ generated from RuCl3.3H2O was attracted by the tertiary amine and –OH group of the epoxyhexane and thus forming a APPI-Ru3+ complex, on addition of NaBH4 to the solution leads to generate the BH4- species and this in turn supplied the electrons to the Ru3+ complex in the tertiary amine/-OH groups and thus reduced into Ru0 nanoparticle catalyst. Analogue, studies have been already appeared using PVP as a stabilizing agent and NaBH4 as a reducing agent [29]. The reduction reaction of Ru3+ onto the APPI has been explained in the following equation [30]:
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8Ru3+ + 3BH4- + 12H2O                           8Ru0 + 3B (OH)4- + 24H+  ​ ……… (A.1)
The APPI stabilized ruthenium nanoparticle catalyst has been easily dispersed in water and giving rise to a transparent dark brown colloidal solution and this solution exists has a stable one without undergoing any aggregation/agglomeration of RuNPs. Fig. 2 shows the UV–vis spectrum for the solution of APPI-RuNPs and this reveals that   there was no surface plasmon resonance peak and this observation is consistence with earlier studies [31]. 
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Fig.2 UV-vis spectrum of the APPI-RuNPs catalyst
Similarly, Fig.3a shows the TEM micrograph of APPI-RuNPs along with the corresponding size histogram. The histogram (Fig.3b) was constructed from the TEM image by considering 150 free RuNPs using Image-J program. From the TEM image, it is understand that the Ru nanoparticles have exhibit spherical in shape with the majority of the particles falling in the range of 0.5-1nm size. The EDS spectrum (Fig.4) was used to determine the percentage of RuNPs present in the APPI-RuNPs catalyst. That is, EDS spectrum of APPI-RuNPs catalyst shows a strong signal at 2.2 and 2.6 Kev for ruthenium and thus confirmed the presence/stabilization of RuNPs in APPI template, the quantum of RuNPs was determined as 42%. Further, XRD pattern of APPI-RuNPs catalyst showed a 2θ peaks at 38º and 58º and these in turn can be assigned to Ru (1 0 0) and Ru (1 0 2) planes respectively.  
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Fig. 3. (a) HRTEM images of APPI-RuNPs catalyst and (b) histograms
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Fig 4. EDS spectrum of the APPI-RuNPs catalyst
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Fig 5. Powder X-ray diffraction (XRD) pattern of the APPI-RuNPs catalyst.
3.3 Catalytic ability of APPI-RuNPs catalyst for 4-NP reduction
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The catalytic performance of APPI-RuNPs catalyst was examined by determining the pseudo-first order rate constant for the reduction of 4-nitrophenol. The rate constant was determined by following the decreasing trend of the peak intensity of –NO2 group at 400 nm at regular interval (5min) through UV-vis spectroscopy (Fig.6). The formation of 4-aminophenol (product) was confirmed through the peaks noticed at 230 and 300 nm. The effect of concentration of NaBH4 on the reduction of 4-NP catalyzed by APPI-RuNPs catalyst was also studied. In a typical set of experiments, the time for addition of 4-NP was kept constant and the NaBH4 concentration was varied. The observed rate constants result (Table 1) reveals that the [NaBH4] has directly proportional to the Kobs (Fig.7).
Fig 6. Successive UV–vis spectra for the reduction of 4-NP catalyzed by APPI-RuNPs catalyst. Conditions: [4-NP] = 1mM; [Catalyst] = 0.1mM; [NaBH4] = 100mM at 5 min interval
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Fig 7. Effect of [NaBH4] on the reduction of 4-NP
Table 1

Comparative catalytic efficiency for the reduction of 4-NP under identical experimental condition
_____________________________________________________________ 

                                                                                Variation of NaBH4

   Model                             Kobs  ×10-4 s-1                                               _______________________________________
                                                                           [NaBH4]              Kobs  ×10-4 s-1

                                                                                                                            mM

________________________________________________________________________________________________________
     Without catalyst     No reaction 20          4.66
 With catalyst             11.40       40          6.36
                                           60          8.92
                                           80                         18.37

______________________________________________________________
4. Conclusion
The amphiphilic poly (propyleneimine) dendrimer template was successfully developed by simplified experimental procedure using PPI(G2) and 1,2-epoxyhexane has a stating materials. The functionlization of 1,2-epoxyhexane onto the peripheral primary –NH2 of PPI(G2) was established with FTIR. The APPI has been used a stabilizing agent for preparation of APPI-RuNPs catalyst and this in turn characterized with TEM, EDS and XRD techniques. The histogram derived from TEM suggested that the formed RuNPs has found to exist in 0.5 to 1 nm size. The EDS result suggested that 42% of RuNPs has been found to loaded in the APPI template. The catalytic efficiency of APPI-RuNPs was proved by determining the pseudo-first order rate constant for the reduction of 4-NP. The change of [NaBH4] has drastically enhanced the reduction of 4-NP due to free availability BH4- and catalyst. 
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Figure Captions

Fig.1 FT-IR Spectrum of (a) plain and (b) amphiphilic PPI dendrimer (APPI)

Fig.2 UV-vis spectrum of the APPI-RuNPs catalyst
Fig.3 (a) HRTEM images of APPI-RuNPs catalyst and (b) histograms
Fig.4 EDS spectrum of the APPI-RuNPs catalyst
 

Fig.5 Powder X-ray diffraction (XRD) pattern of the APPI-RuNPs catalyst
Fig.6 Successive UV–vis spectra for the reduction of 4-NP by the catalyzed by APPI-  
         RuNPs catalyst.
Fig.7 Effect of [NaBH4] on the reduction of 4-NP
Scheme Captions

Scheme 1. Synthesis of Amphiphilic PPI dendrimer using 1, 2-Epoxyhexane.

Scheme 2. Synthesis of APPI stabilized RuNPs Catalyst 
Table Captions

       Table 1 Comparative catalytic efficiency for the reduction of 4-NP under identical  
                     experimental condition
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