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Abstract

Highly active, robust and stable bimetallic NiPd, CuPd and CoPd alloy 

nanoparticle catalysts stabilized by MIL-101 framework, (M/Pd atomic 

ratio = 95:5, M = Ni, Cu and Co) were synthesized and their catalytic 

activity for Suzuki reaction at moderate reaction conditions was 

explored. In contrary to monometallic counterparts, a significant 

enhancement in catalytic activity was observed with these bimetallic 

NiPd/MIL-101, CuPd/MIL-101 and CoPd/MIL-101 alloy nanoparticle 

catalysts. Among the synthesized catalysts, NiPd/MIL-101 and 

CuPd/MIL-101 displayed higher catalytic activity for the synthesis of 

biaryls for a wide range of substituted aryl halides and arylboronic 

acids having electron donating and electron withdrawing substituents, 

whereas CoPd/MIL-101 was found to be poorly active. Catalytic 

efficiency of the synthesized CuPd/MIL-101 was found to be highest 

followed by NiPd/MIL-101, whereas CoPd/MIL-101 was found to be 

poorly active for Suzuki reaction. The observed high catalytic activity 

displayed by NiPd/MIL-101 and CuPd/MIL-101 was attributed to the 

synergistic effect brings in by electronic charge transfer from Ni or Cu 

to Pd, and high dispersity of NiPd and CuPd nanoparticles on MIL-

101.
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Chapter 1:

Introduction and Reaction Scheme:

1.1 Introduction:  

                                              1.1a Bimetallic Nanoparticles:

In the last few decades, scientific and industrial attention has been 

focused on bimetallic nanoparticles (NPs) in the field of catalysis. 

Heterometallic NPs composed of two or more different metals with 

various nanostructures such as alloys, core-shell etc have been 

synthesized using various synthetic approaches [1-13]. The scientific 

and industrial attention is due to high synergic and cooperative 

interactions between the individual metal components which lead to 

the superior catalytic performance [1-33]. Synergistic itself is defined 

as various parts working together to produce effective results. 

Synergistic interactions between metals involve a) structural tuning, b) 

electronic tuning as transfer or exchange of electrons between the 

metals and c) adsorption and stabilization of reactants and 

intermediates. This accounts for the enhancement in the catalytic 

activity of the bimetallic NP catalysts [1-25]. As the catalytic activity 

of any catalyst is closely related to the catalyst surface, so the 

appropriate modification of the surface by introducing another 

component or by changing the composition or morphology of different 

elements present in the catalyst, can lead to increased catalytic activity. 

First principle studies have shown that the bimetallic catalysts 

performance is subjected to surface electronic states, which are greatly 

diversified by changing geometrical parameters of the catalyst [34-36].

The addition of second metal can lead to tailor the electronic and 

geometrical changes and thereby increasing the catalytic performance 

of the catalyst. Bimetallic NPs displays unique properties that are not 

plausible with monometallic counterparts [1-13]. Use of bimetallic or 

multi metallic systems is important in the regard that it can slice down 

the high cost associated with many expensive metals. Moreover, the 
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composition of different metals present in the catalyst can be optimized 

according to the reaction conditions.

                                      1.1b Overview of Suzuki Reaction:

Suzuki reaction is one of the favourite reactions in organic chemistry 

for the synthesis of biaryls. It is classified as coupling reaction where 

the coupling partners are arylboronic acids and aryl halides. For this

reaction, Pd based catalysts are of primary choice and they had been 

used in the past as active catalysts for several other coupling reactions

[37-44]. The detailed mechanism for Suzuki reaction involves multi 

steps (Scheme 1) [81]. The first step is oxidative addition of Pd(0) to 

the halides to form organopalladium(II) species. In most of the cases it 

is the rate determining step. This species on reaction with base gives 

an intermediate which undergoes transmetalation to form another 

organopalladium species. In the final step reductive elimination occurs 

which leads to formation of coupled product and restores the original 

Pd(0) and completes the catalytic cycle. As the first step is oxidative 

addition, this sometimes leads to leaching and the outcome of this is 

that Pd remains in +2 oxidation state and not available for the catalytic 

cycle. This reaction can proceed through three possible mechanisms 

wiz homogeneous, heterogeneous and semi-heterogeneous. In 

homogeneous mechanism the Pd gets dispersed in the solution whereas 

in heterogeneous mechanism, Pd remains in Pd(0) form during the 

catalytic cycle. Considerable progress has been achieved by carrying 

out the reaction in a heterogeneous system by means of fastening the 

catalysts onto solid supports with nano size clusters. In case of semi-

heterogeneous mechanism, Pd gets leached out from the surface after 

first oxidative addition and follows the homogeneous mechanism

thereafter. The active species Pd(0) again deposited on the nanoclusters 

after reductive elimination to generate coupled products. The 

advantage of heterogeneous catalyst is that it offers simple separation 

and recovery and thus there is an ease of recyclability. Pd NPs are 

considered heterogeneous in nature. Although Pd is considered as the 
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most active metal for various coupling reactions, being a noble metal, 

the high cost associated with Pd catalyst and its relative abundance, 

possess a problem. This all has ignited researcher’s mind for 

developing a low-cost high-performing heterogeneous catalyst, free 

from Pd or with a low content of Pd. Alloying Pd with other metals can 

overcome this situation, by using the synergistic interactions between 

Pd and the other metal. In this regard, several reports come into sight

on bimetallic catalysts, such as PdAu, PdAg, PdRu, PdCo, PdNi or 

PdCu as active catalysts for Suzuki reaction [41-69]. Among the 

number of catalysts available for Suzuki reaction, PdNi and PdCu 

catalysts are of particular interest. The reason for this lies behind the 

abundant availability and low cost associated with these metals (Ni or 

Cu) [47-69]. In this context, Rai et al. recently reported a class of 

highly active bimetallic NiPd alloy NPs as an efficient catalyst with 

high Ni to Pd atomic ratios for Suzuki reaction, where significant Ni to 

Pd interactions contribute in the observed high catalytic activity.

Various NiPd bimetallic alloy NP catalysts were synthesized with 

different molar ratios having low Pd content. Ni to Pd interactions was 

found to be highest when NiPd were used in the ratio of 99:1. NiPd 

bimetallic NPs were also found to be active for other coupling 

reactions wiz Heck and Sonogashira reactions [52, 53].
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Scheme 1. Schematic representation of different mechanisms exhibited 

for Suzuki reaction (Reproduced with permission).

   1.1c Problems associated with nanoparticles synthesis:

NPs aggregation is one of the common problems encountered during 

NPs synthesis. Due to high surface energy and large surface area, their 

thermodynamic stability is decreased [70-72]. To produce stable NPs,

it is necessary to terminate the growth of NPs during their synthesis 

and for this; various methodologies have been devised [73-75]. One of 

the popularly used methods used is by immobilizing active catalyst on 

a support, because aggregation of NPs has been retarded by 

immobilizing them on a support during their synthesis [14-25, 37-40,

54-69]. The properties of supported NPs is dependent on its 

morphological environment (size and shape), metal dispersion and 

electronic properties of the metals. In this context, a huge number of 

porous materials such as metals organic frameworks (MOFs) [14-25,

37-40], metal oxides [54-59], graphene [60-63], polymers [64-66] and 

carbon [67-69], have been designed and used as a supports for metal

NPs immobilization. The fusion of porous materials and NPs opens up 
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a new era of research in the direction of efficient green catalysis having 

high conversions, selectivity and yields. Using of supports not only 

prevents aggregation, but it also suppresses the catalyst poisoning and 

leaching problem associated with NPs.

                                                      1.1d MOFs as a support:

Because of the excellent physical and chemical properties exhibited by 

MOFs, MOFs are of particular interest among the various supports 

used for immobilizing the metal NPs. MOFs are the crystalline

nanoporous coordination polymers; build from multidendate organic 

ligands, using metal ions as templates. Due to diverse number of 

organic ligands available including several metal ions and guest

molecules, MOFs are user and reaction friendly. They exhibit 

exceptional physical properties such as high surface area, well-defined 

pore structures and low density. Moreover, the chemical properties of 

MOFs are flexible and can be tuned as per requirement [14-25, 76].

Due to chemical tailoring of inner surface of channels and cavities 

present in them, MOFs are very promising for various applications 

including size selective catalysis (Figure 1) [14-25]. Various metal NPs 

can be immobilized on the MOFs or can be encapsulated within the 

pores of the MOF. Two approaches have been used in the past decades 

for the immobilization of NPs in MOFs. In “ship-in-a bottle” approach,

the introduction of metal precursors into the pre-synthesized MOF 

matrix is carried out and subsequent reduction or decomposition of the 

precursors was done to yield metal NPs. The second approach is the 

“bottle-around-ship” or “template synthesis” which involves the 

assembly of MOF precursors around pre-synthesized metal NPs.
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Figure 1. Figure illustrating using MOF as a support to NPs and some 

examples of their diverse catalytic applications.

1.1e MIL-101 (MIL: Materials from the Institute 

Lavoisier):

MIL-101 is an example of MOF that is known for its high pore volume 

and a large surface area. It has large pore diameter having hexagonal 

and pentagonal windows of large aperture. Both hydrophilic and 

hydrophobic moieties and networks are present for the selective 

adsorption of substrates and intermediates (Figure 2) [78, 80]. 

Moreover, it shows high stability such as high thermal stability and it 

is chemically resistive to most of the solvents and reaction conditions.

Due to its exceptional physical and chemical properties, it is one of the 

primary choices to be used as support for immobilizing metal NPs.
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Figure 2. Structure of MIL-101 having pentagonal and hexagonal 

windows (Reprinted with permission from open access of journal

Membranes 2013, 3, 331-353).

                                           1.1f Overview of previous work:

In recent years, the main focus was on the development of catalytic 

systems based on monometallic NPs immobilized on various MOFs for 

Suzuki reaction [37-40]. In this context, Yuan et al. reported the Pd 

NPs supported on MIL-101 framework as highly active catalyst for 

Suzuki and Ulmann coupling reactions in aqueous media [37]. This 

work represented the first MOF supported NP catalytic system for 

coupling reactions. Water mediated coupling reaction of aryl chlorides 

over a heterogeneous Pd catalyst was demonstrated using MIL-101 as 

a support. Similarly, Puthiaraj et al. developed Pd NPs immobilized on

MIL-125 framework for coupling of aryl chlorides and arylboronic 

acids for Suzuki reaction [38]. Good yields were obtained in case of 

para- and meta- substituted substrates whereas, slightly lower yields in 

case of ortho- substituted substrates. The catalyst was found to be free 

from the necessity of external additives, inert atmosphere or highly 

toxic organic solvents. Shang et al. reported Pd NPs encapsulated 
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inside the pores of MIL-101 for Suzuki and Heck cross coupling

reactions [40]. Duly dispersed Pd NPs were encapsulated inside the 

cages of MIL-101 through a double solvent method followed with 

subsequent reduction by NaBH4. The as prepared catalyst was 

recyclable for at least five consecutive cycles. Despite of these reports 

on monometallic NPs immobilized on MOFs, there are very few 

reports available for MOF immobilized bimetallic NPs [14, 19-21].

Chen et al. reported a number of bimetallic NPs encapsulated in MIL-

101 framework as efficient catalysts for hydrolytic dehydrogenation of 

ammonia borane [14]. A seed-mediated synthetic approach was used to 

reduce the non-noble metal precursors (Ni2+, Co2+, Fe2+, etc.) using the 

trace amount of noble metal precursors (Ag2+, Pd2+, Pt2+, Au3+, etc.) at 

room temperature. The catalytic activity displayed by these bimetallic 

systems is higher than monometallic counterparts whereas, the 

catalytic activity of AgNi/MIL-101 was found to be highest for 

dehydrogenation of ammonia borane. Hermannsdorfer et al. reported 

PdNi NPs encapsulated within the pores of MIL-101 framework for 

cyclohexanone oxidation [19]. MOCVD (metal-organic chemical 

vapour deposition) method was used to load the metal organic 

precursors into the porous structure of MIL-101. The reduction of 

loaded precursors was carried out by using hydrogen as reducing 

agent. The as synthesized catalyst displayed superior catalytic activity 

for oxidation of cyclohexanone. Jiang et al. studied PdAg NPs 

stabilized by MIL-101 for one-pot cascade catalytic reaction, utilizing 

the host-guest cooperation and bimetallic synergy of Pd and Ag [20].

Lewis acidity offered by MIL-101 and bimetallic synergy between Pd 

and Ag attributed to the observed high catalytic activity. Pd offered 

high hydrogenation activity and Ag improves the selectivity. One pot 

multistep conversion of nitroarene to secondary arylamine had been 

explored. Recently, Trivedi et al. reported MIL-101 supported 

bimetallic PdCu NPs as an efficient catalyst for chromium reduction 

and conversion of carbon dioxide at room temperature [21]. The 

catalytic activity of these PdCu/MIL-101 was found to be 3 to 5 times 

superior than PdCu NPs. Being heterogeneous in nature, PdCu/MIL-
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101 catalyst was found to be recyclable and easy to handle. However

in spite of these reports, till present, there are no reports for MIL-101 

stabilized bimetallic NPs for Suzuki reaction.

                                                      1.1g Theme of our work:

Keeping in view the superior catalytic performance of bimetallic NPs 

stabilized on MOFs, we figured to synthesize bimetallic NPs (NiPd, 

CuPd and CoPd) immobilized on MIL-101 framework and to explore 

their catalytic performance for Suzuki reaction. Synergistic interactions 

between Pd and the other metal along with MIL-101 support can lead 

to higher catalytic activity for Suzuki reaction. Therefore, herein we 

synthesized NiPd/MIL-101, CuPd/MIL-101 and CoPd/MIL-101

catalysts, and investigated their catalytic activity for Suzuki reaction 

with a wide range of aryl halides substrates having electron donating 

and electron withdrawing substituents under moderate reaction 

conditions in water-ethanol solution. With the CuPd/MIL-101 and 

NiPd/MIL-101 catalyst, a significant enhancement in the catalytic 

activity was observed whereas CoPd/MIL-101 catalyst was very poorly

active. Catalytic efficiency of the synthesized CuPd/MIL-101 was 

found to be highest followed by NiPd/MIL-101, whereas CoPd/MIL-

101 was found to be poorly active for Suzuki reaction.
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                                                             1.2 Reaction Scheme: 

Scheme 2. Schematic representation of bimetallic NiPd/MIL-101, 

CuPd/MIL-101 and CoPd/MIL-101 catalysts for Suzuki reaction.
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Chapter 2:

Experimental Section:

                                                                            2.1 General:

High-purity chemicals were used for the experiments. NMR spectra 

were recorded on a BrukerAvance 400 spectrometer. Chemical shifts 

are referenced to internal solvent resonances and reported relative to 

tetramethylsilane (TMS). Transmission electron microscopic (TEM) 

images were obtained with a JEM-1400 microscope (JEOL) operated 

at 100−120 kV. Scanning electron microscopy (SEM) images and 

Energy dispersive spectrometry (EDS) analysis were performed on 

Carl Zeiss supra 55 and field-emission JSM-7001F (JEOL) operated at 

15 kV. Powder X-ray diffraction (XRD) measurements were 

performed for the dried samples of catalyst on a Shimadzu XRD-6000 

Labx diffractometer at 40 kV and 30 mA using Cu Kα radiation (λ = 

1.5418 Å). Thermo gravimetric analysis (TGA) was performed on 

Mettler Toledo TGA/DSC analyzer. The apparatus was loaded with ca.

4 mg of sample under the flow of N2 gas at a heating rate of 5 °C/min 

from room temperature to 800 °C. Inductively Coupled Plasma Atomic 

Emission Spectroscopy (ICP-AES) analysis was performed using 

ARCOS, simultaneous ICP spectrometer.

                                                      2.2 Synthesis of MIL-101:

Synthesis of MIL-101 was carried out according to reported procedure 

with some modifications [76]. In an autoclave, chromium nitrate 

nonahydrate (2.0 g, 5 mmol), terephthalic acid (0.83 g, 5 mmol), and 

deionized water (20 mL) were mixed and extensively sonicated to 

obtain a dark blue colored suspension. The resulting suspension was 

placed in a Teflon-lined autoclave and heated in an oven at 218 °C for 

18 h. After cooling the suspension to room temperature, the MIL-101 

solids were separated from water by centrifugation (5,000 rpm × 2, for 

10 min) and washed twice with suitable amount of water, methanol and 
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acetone respectively. The green colored suspension of MIL-101 in 

acetone was further centrifuged and redispersed in N,N-

dimethylformamide (20 mL). Suspension was sonicated for 10 min and 

then kept at 70 °C in an oven for 12 h. The resulting solids were 

separated by centrifugation, washed twice with methanol and acetone 

respectively, dried at 75 °C overnight and then under vacuum at 100 

°C for 2 days. 

2.3 Synthesis of NiPd/MIL-101, CuPd/MIL-101 and 

CoPd/MIL-101 catalysts:

For the synthesis of MPd/MIL-101 (M = Ni, Cu and Co) catalysts, 

typically 200 mg of dehydrated MIL-101 was suspended in 40 mL of 

dry n-hexane and the mixture was sonicated for about 20 min until it 

became homogeneous. After stirring for a while, 0.36 mL of aqueous 

solution containing potassium tetrachloropalladate(II) and respective 

metal salt solution (NiCl2∙6H2O, CuCl2∙3H2O and CoCl2∙6H2O) in 5:95 

molar ratio, was added dropwise over a period of 20 min with constant 

vigorous stirring. The resulting solution was continuously stirred for 

3.5 h. Solid M2+Pd2+/MIL-101 obtained was isolated from the 

supernatant by decanting the solution. The solids were dried at room 

temperature and then at 30 °C under vacuum for 1 h. The molar 

contents of M2+Pd2+ added to 200 mg MIL-101 powder were kept 

constant to 0.068 mmol. The reduction of the M2+Pd2+/MIL-101 was 

carried out using an overwhelming reduction (OWR) approach where a 

freshly prepared 0.6 M aqueous NaBH4 solution (5 mL) was added to 

the suspension of the M2+Pd2+/MIL-101 in hexane with vigorous 

stirring. The synthesized NiPd/MIL-101, CuPd/MIL-101 and 

CoPd/MIL-101 was collected by centrifugation and dried at 100 °C 

under vacuum prior to use for catalytic reaction. All monometallic 

analogues of the previously synthesized catalysts (Ni/MIL-101, 

Co/MIL-101, Cu/MIL-101 and Pd/MIL-101) were also prepared 

following the above procedure. 
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                       2.4 Procedure for catalytic Suzuki reaction:

To the reaction vessel, 10 mg of catalyst was suspended in a water-

ethanol solution (1:1 v/v, 20 mL). To it, arylboronic acid (1.2 mmol), 

aryl halide (1.0 mmol) and base (2.0 mmol) were added. The resulting 

suspension was stirred at room temperature (for aryl iodides) and at 50 

°C (for aryl bromides) for the desired reaction time. Progress of the 

reaction was monitored by TLC. Upon completion, the mixture was 

centrifuged at 6000 rpm to separate the catalyst. The reaction mixture 

was extracted with dichloromethane (3 × 10 mL), and the organic layer 

was dried over anhydrous Na2SO4, filtered, and concentrated under 

reduced pressure. The obtained cross coupled product was identified 

based on earlier reports. Isolated yields were reported based on the 

purified products obtained from the catalytic reaction. All the products 

were characterized by 1H and 13C NMR spectroscopy. 
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Chapter 3:

                                                         Results and Discussion:

MIL-101 powder synthesized using hydrothermal method, was 

characterized using powder XRD and SEM analysis. The diffraction 

peak positions and relative intensities of the peaks of synthesized MIL-

101, matches to those of reported patterns (Figure 3) [76]. The SEM 

micrograph of synthesized MIL-101 powder reveals octahedral shape 

of the particles (Figure 4). 

Figure 3. Powder XRD pattern of synthesized MIL-101.

Figure 4. SEM image of synthesized MIL-101.

Double solvent method was used for immobilizing of NPs on MIL-101

framework. The synthesis of NiPd/MIL-101, CuPd/MIL-101 and 

CoPd/MIL-101 catalysts was done by impregnation of Pd2+ and 
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Ni2+/Cu2+/Co2+ precursors on activated MIL-101 [77]. Typically, to a 

suspension of MIL-101 in n-hexane, an aqueous solution of the desired 

metal precursors was added dropwise over a period of 20 min with 

constant vigorous stirring. The solids obtained after impregnation of 

metal salts on MIL-101 were dried under vacuum, and the precursors 

were reduced by OWR approach using NaBH4 as a reducing agent. In 

the similar fashion, monometallic Pd/MIL-101, Ni/MIL-101, Cu/MIL-

101 and Co/MIL-101 were also synthesized. The synthesized

NiPd/MIL-101, CuPd/MIL-101 and CoPd/MIL-101 were characterized

using various spectroscopic techniques. Powder XRD, ICP-AES, 

TEM, SEM, EDX and elemental mapping of the synthesized NPs 

supported on MIL-101 were taken to obtain their electronic and 

compositional information. From the SEM and TEM micrographs of 

the synthesized NiPd/MIL-101, CuPd/MIL-101 and CoPd/MIL-101, a 

uniform particle size (120~150 nm) of MIL-101 supports (Figures

57) was estimated. Due to the very high distribution of bimetallic 

alloy NPs throughout MIL-101 framework, their particle size cannot be 

estimated with complete accuracy.

Figure 5. a) TEM and b) SEM images of synthesized NiPd/MIL-101.
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Figure 6. a) TEM and b) SEM images of synthesized CuPd/MIL-101.

Figure 7. a) TEM and b) SEM images of synthesized CoPd/MIL-101.

Moreover, the main problem associated with NPs, aggregation, was 

also not observed on the surface of MIL-101. This is further supported 

by the EDS (Figure 8) and elemental mapping (Figure 9-11) of 

synthesized NiPd/MIL-101, CuPd/MIL-101 and CoPd/MIL-101. EDS

and elemental mapping of the synthesized catalysts, taken by 

dispersing the solid catalysts in methanol, showed the presence of both 

the metals Pd and M (M = Ni, Cu and Co) in the catalyst. The various 

peaks obtained in the EDS spectra corresponding to Pd and M (M = 

Ni, Cu and Co) have been shown in their spectrum.
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Figure 8. EDS analyses of synthesized NiPd/MIL-101, CuPd/MIL-101 

and CoPd/MIL-101.

Figure 9. Elemental mapping of synthesized NiPd/MIL-101 and 

corresponding SEM image.

Figure 10. Elemental mapping of synthesized CuPd/MIL-101 and 

corresponding SEM image.
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Figure 11. Elemental mapping of synthesized CoPd/MIL-101 and 

corresponding SEM image.

EDS analysis showed that the theoretical relative ratios of Pd and M 

(M = Ni, Cu and Co) used in the synthesis of NiPd/MIL-101, 

CuPd/MIL-101 and CoPd/MIL-101 (95:5) was in good agreement with 

the molar ratios of the respective precursors used. This is further 

supported by the ICP-AES analysis of the synthesized NiPd/MIL-101, 

CuPd/MIL-101 and CoPd/MIL-101. The Pd to M (M = Ni, Cu and Co)

atomic ratio in the synthesized catalysts corresponds well with the 

proposed compositions (Table 1).

Table 1. ICP and EDS data of the synthesized NiPd/MIL-101, 

CuPd/MIL-101 and CoPd/MIL-101 catalysts.

Entry Catalysts Theoretical Pd 

Molar ratio

EDS Data ICP-AES Data

1 NiPd/MIL-101 5 4.5 5.8

2 CuPd/MIL-101 5 4.7 5.4

3 CoPd/MIL-101 5 4.9 5.2

To further characterize the catalyst powder XRD was taken for 

the synthesized NiPd/MIL-101, CuPd/MIL-101 and CoPd/MIL-101

catalysts. In the powder XRD pattern of the synthesized NiPd/MIL-
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101, no peaks were detected for metal NPs (Figure 12). Moreover,

reduction in the intensity of diffraction peaks below 10°, was observed 

in the PXRD pattern. The MIL-101 diffractions get broadened after 

NPs immobilization. The reduction in intensities of diffraction peaks

and the broadening of MIL-101 diffractions after NPs incorporation 

was described by partial damage of MIL-101 structure and due to 

metal infiltration into the pores of MIL-101 [19, 78]. PXRD pattern of 

CuPd/MIL-101 (Figure 13) and CoPd/MIL-101 (Figure 14) were 

analogues to PXRD pattern of NiPd/MIL-101. Analogously, reduction 

in diffraction intensities and broadening of MIL-101 diffractions was 

observed. Moreover, PXRD pattern of synthesized catalysts indicates 

alloy formation with no segregation of either atom as no individual 

peaks for Pd, Ni, Cu or Co was detected. 

Figure 12. PXRD pattern of synthesized MIL-101 and NiPd/MIL-101.
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Figure 13. PXRD pattern of synthesized MIL-101 and CuPd/MIL-101.

Figure 14. PXRD pattern of synthesized MIL-101 and CoPd/MIL-101.
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Thermo gravimetric analysis (TGA) curves of synthesized MIL-101, 

NiPd/MIL-101, CuPd/MIL-101 and CoPd/MIL-101 were obtained by 

heating the samples in N2 atmosphere at a rate of 5 °C/min. TGA curve 

of MIL-101 (Figure 15) exhibited four step weight loss in the 25-200 

°C (~ 10 wt%), 210-350 °C (~ 60 wt%), 360-600 °C (~ 5 wt%) and 

610-800 °C(~ 6 wt%). These four steps of weight loss corresponds to 

a) the loss of water molecules, b) the loss of hydroxylic groups, c) the 

degradation of the dicarboxylate linkers, and d) the fusion and 

decomposition of chromium(III) oxide cluster respectively [76].

Figure 15. TGA curve of synthesized MIL-101.

TGA patterns for NiPd/MIL-101 (Figure 16), CuPd/MIL-101 (Figure 

17) and CoPd/MIL-101 (Figure 18) showed analogues pattern to that 

of MIL-101 framework, suggesting the integrity of framework remains 

intact. Moreover, the stability of the MIL-101 was also enhanced after 

immobilization of NPs as the second step of weight loss increases from 

~350 °C to 400 °C and the weight loss is also ~40% during this step. 

Thus, immobilizing NPs on MIL-101 framework leads to increase in 

its thermal stability.
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Figure 16. TGA curve of synthesized NiPd/MIL-101.

Figure 17. TGA curve of synthesized CuPd/MIL-101.
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Figure 18. TGA curve of synthesized CoPd/MIL-101.

Catalytic activity of synthesized NiPd/MIL-101, CuPd/MIL-

101 and CoPd/MIL-101 catalysts was investigated for the Suzuki 

reaction. Phenylboronic acid and 4-iodoanisole were taken as a model 

substrate and the reaction was performed in water-ethanol solution at 

room temperature. A significant enhancement in the catalytic activity 

of the NiPd/MIL-101 and CuPd/MIL-101 catalyst was observed in 

comparison of CoPd/MIL-101 catalyst (Figure 19). Due to the synergic 

interactions between Pd and other metal (Ni or Cu), which facilitated 

the highly active catalyst system, a great enhancement in the catalytic 

activity of NiPd/MIL-101 and CuPd/MIL-101 catalysts was observed. 

The alloy components of these bimetallic NPs facilitate the formation 

of Pd-M (M = Ni, Cu) bonds which tuned the electronic charge 

transfer, resulted in a highly negatively charged Pd centre, a favorable 

site for facile oxidative addition of aryl halides [52, 53, 55]. The higher 

catalytic activity observed in case of CuPd/MIL-101 catalyst was 

presumably due to electronic charge transfer in the valance shell of Pd, 
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which makes Pd more electron rich centre and enhanced the catalytic 

activity of the catalyst [52, 53, 79].

Figure 19. Comparison of catalytic conversion for cross coupled 

product in Suzuki reaction of 4-iodoanisole and phenylboronic acid at 

room temperature in water-ethanol solution.

With the CuPd/MIL-101 and NiPd/MIL-101 catalyst, a significant 

enhancement in the catalytic activity was observed whereas 

CoPd/MIL-101 catalyst was very poorly active. Catalytic efficiency of 

the synthesized CuPd/MIL-101 was found to be highest followed by 

NiPd/MIL-101, whereas CoPd/MIL-101 was found to be poorly active 

for Suzuki reaction. Notably, with monometallic Pd/MIL-101, 94% 

conversion to the cross coupled was obtained (Figure 19) whereas,

Ni/MIL-101, Cu/MIL-101 and Co/MIL-101 were inactive for the 

Suzuki reaction. Moreover, a remarkable impact on the enhancement 

of the catalytic reaction was shown by MIL-101. An enhancement of 

ca. 20% in TOF (h-1) values with the supported NiPd/MIL-101 

bimetallic alloy NPs in comparison to the earlier reported NiPd NPs

under analogous reaction conditions [52, 53]. This can be described as

due to high dispersity of NPs on MIL-101 framework and thus 

preventing agglomeration of NPs.
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Catalytic activity of synthesized NiPd/MIL-101, CuPd/MIL-101 and 

CoPd/MIL-101 towards Suzuki reaction was explored under the 

optimized reaction conditions in water-ethanol (1:1, v/v) at room 

temperature or ~50 °C (Table 2) with a wide range of substituted aryl 

halides (iodo and bromo) substituents and arylboronic acids [52,53].

From the results obtained with catalytic Suzuki reaction, we can 

conclude that CuPd/MIL-101 catalyst performed significantly well for

a wide range of substituted aryl bromides/iodides having electron

donating (Table 2, entries 1-2, 5, 11) and electron withdrawing (Table 

2, entries 6-7 and 9-10) substituents to obtain corresponding biaryl 

products in good to excellent yields (65~97%). In comparison to 

CuPd/MIL-101,  NiPd/MIL-101 catalyst also showed excellent yields 

with aryl halides having electron donating substituents (Table 2, entries 

1-2, 5, 11), whereas poor yields were obtained with electron 

withdrawing substituents  (Table 2, entries 6-7 and 9). In contrary to 

the high yields obtained with aryl iodides and aryl bromides, reaction 

with aryl chlorides under analogous modified reaction conditions 

showed poor conversion. A maximum of only 15% conversion to the 

cross coupled products with CuPd/MIL-101 was obtained (Table 2, 

entry 12) whereas, Pd-Ni/MIL-101 was found to be inactive for aryl 

chlorides.

Table 2. Catalytic activity of NiPd/MIL-101 and CuPd/MIL-101 

catalysts for Suzuki reaction.

Entry Aryl-
boronic 
acid

Aryl 
halide

Biaryl 
product

          Con./Sel.(Yield)
Pd-Ni/MIL-101 Pd-Cu/MIL-101
            

1 94/99(91) 92/99(87)

2 93/99(90) 96/99(92)
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3 92/99(88) 96/99(91)

4 96/99(91) 96/99(92)

5 92/99(87) 93/99(89)

6 11/99(9) 97/99(95)

7 18/99(15) 87/99(82)

8 90/99(87) 96/99(92)

9 20/99(15) 75/99(65)

10 92/99(76) 99/99(97)

11 98/99(92) 92/99(87)

12 No reaction 15/99(10)

Reaction conditions: arylboronic acid (1.2 mmol), aryl halide (1.0 

mmol), NaOH (2.0 mmol), catalyst (10 mg), H2O-C2H5OH (1:1 v/v, 20 

mL), room temperature; for aryl bromides: K2CO3 (2.0 mmol), 50 °C; 

for aryl chlorides, 80 °C. Conversion and selectivity were determined 

by 1H NMR. Isolated yields of the purified products are given in the 

parentheses.
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Chapter 4:

Conclusion and scope of future work:

                                                                       4.1 Conclusion:

In summary, we synthesized highly active bimetallic NiPd/MIL-101

and CuPd/MIL-101 catalysts and investigated their catalytic activity 

for Suzuki reaction in water-ethanol solution for a wide range of 

substituted aryl halides and arylboronic acids. The catalytic activity

displayed by these bimetallic MIL-101 stabilized shows high reactivity 

and tolerance towards various electron-donating and electron-

withdrawing substituents of aryl halides and arylboronic acids. In 

comparison to bimetallic counterparts, monometallic Ni/MIL-101, 

Cu/MIL-101 and Co/MIL-101 catalysts were found to be inactive for 

the Suzuki reaction. Catalytic efficiency of the synthesized CuPd/MIL-

101 was found to be highest followed by NiPd/MIL-101, whereas 

CoPd/MIL-101 was found to be poorly active for Suzuki reaction. The

high catalytic activity displayed by the catalysts was attributed to the

activation of the Pd center by electron charge transfer from Ni or Cu to 

the Pd, along with high dispersity, facilitating of the alloy NPs on 

MIL-101 framework and thus prevented the agglomeration of NPs.

                                                      4.2 Scope of future work:

The catalytic activity of MIL-101 stabilized bimetallic alloy NPs can 

be studied for various other organic reactions such as oxidation and 

coupling reactions. Various other multimetallic or bimetallic 

combinations of metals can be prepared, immobilized on different 

types of MOFs and their catalytic activity can be tested for various 

other reactions accordingly under optimized reaction conditions.
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                                                                           Appendix-A:

Characterization data of coupling products

Biphenyl: 1H NMR (400 MHz, CDCl3, ppm): δ = 7.61 (d, 4H, J = 

8Hz), 7.45 (t, 4H, J = 8Hz), 7.36 (t, 2H, J = 8Hz,), 13C NMR (100 

MHz, CDCl3, ppm): 141.2, 128.7, 127.2, 127.1.

4-Methoxybiphenyl: 1H NMR (400 MHz, CDCl3, ppm): δ = 7.56-

7.52 (m, 4H), 7.42 (t, 2H, J = 8Hz), 7.30 (t, 1H, J = 8Hz), 6.98 (d, 2H, 

J = 8Hz), 3.86 (s, 3H), 13C NMR (100 MHz, CDCl3, ppm): 159.1, 

140.8, 133.7, 128.7, 128.1, 126.7, 126.6, 114.2, 55.3.

4-Methylbiphenyl: 1H NMR (400 MHz, CDCl3, ppm): δ = 7.71 (d, 

2H, J = 4Hz), 7.63 (d, 2H, J = 8Hz), 7.55 (t, 2H, J = 8Hz), 7.45 (t, 1H, 

J = 4Hz), 7.37 (d, 2H, J = 8Hz), 2.52 (s, 3H). 13C NMR (100 MHz, 

CDCl3, ppm): 141.1, 138.4, 137.1, 129.5, 128.7, 127.1, 127.0, 21.1.

4-Cyanobiphenyl: 1H NMR (400 MHz, CDCl3, ppm): δ = 7.74- 7.68 

(m, 4H), 7.59 (d, 2H, J = 8Hz), 7.49 (t, 2H, J = 8Hz), 7.43 (t, 1H, J = 

8Hz). 13C NMR (100 MHz, CDCl3, ppm): 145.6, 139.1, 132.5, 129.1, 

128.5, 127.6, 127.1, 118.9, 110.8.
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4-Bromobiphenyl: 1H NMR (400 MHz, CDCl3, ppm): δ = 7.68-7.64 

(m, 5H), 7.46 (t, 3H, J = 8Hz), 7.36 (t, 1H, J = 8Hz). 13C NMR (100 

MHz, CDCl3, ppm): 140.7, 140.1, 129.1, 128.8, 128.5, 127.5, 127.3, 

127.

3-Nitrobiphenyl: 1H NMR (400 MHz, CDCl3, ppm): δ = 8.42 (s, 

1H), 8.16, (d, 1H, J = 8Hz), 7.88 (d, 1H, J = 8Hz), 7.60-7.55 (m, 3H), 

7.46 (t, 2H, J = 8 Hz), 7.39 (t, 1H, J = 8Hz). 13C NMR (100 MHz, 

CDCl3, ppm): 148.7, 142.7, 138.6, 132.9, 129.6, 129.1, 128.5, 127.1, 

121.9, 121.8.

2-Hydroxybiphenyl: 1H NMR (400 MHz, CDCl3, ppm): δ = 7.46-

7.43 (m, 4H), 7.36 (t, 1 H, J = 8Hz) 7.23-7.20 (m, 2H), 6.95 (t, 2H, J = 

8Hz), 5.26 (s, 1H). 13C NMR (100 MHz, CDCl3, ppm): 152.3, 137.1, 

130.2, 129, 128.1, 127.6, 122.3, 120.8, 115.9.
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Spectra of cross coupled products

Figure A1. 1H and 13C NMR spectra of biphenyl.
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Figure A2. 1H and 13C NMR spectra of 4-methoxybiphenyl.
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Figure A3. 1H and 13C NMR spectra of 4-methylbiphenyl.
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Figure A4. 1H and 13C NMR spectra of 4-cyanobiphenyl.
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Figure A5. 1H and 13C NMR spectra of 4-bromobiphenyl.
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Figure A6. 1H and 13C NMR spectra of 3-nitrobiphenyl.
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Figure A7. 1H and 13C NMR spectra of 2-hydroxybiphenyl.
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Figure A8. Poster Abstract.                                                       
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