
Pd nanoparticles immobilized onto polymer-inorganic hybrid support: Synthesis, 
characterization and catalytic activity on Suzuki-Miyaura coupling reactions in 

water 
Minkyung Lim,* Hyeji Kim,* Yoorim Jang* and Hakjune Rhee * 

 
* Department of Bionanotechnology, Hanyang University, 

55 Hanyangdaehak-ro, Sangnok-gu, Ansan, Gyeonggi-do, 15588, South Korea  
hrhee@hanyang.ac.kr 

 
 

ABSTRACT 
 
Polymer-inorganic hybrid support by the combination 

of poly(N-isopropylacrylamide) (PNIPAM) and silica gel 
was synthesized as heterogeneous catalysts supports. Pd 
(0) catalysts immobilized onto this support were prepared 
and characterized. The Pd catalyzed Suzuki-Miyaura 
coupling reaction was performed in water and yielded 
good results. The catalyst is stable in air and the 
recyclability of the catalyst makes it eco-friendly to use. 
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1 INTRODUCTION 
 

The Suzuki-Miyaura coupling reaction is one of the  
powerful synthetic pathways for the synthesis of biaryl 
compounds.[1-4] Palladium-catalyzed Suzuki coupling 
reaction works with a wide range of functional groups, and 
the nontoxic by-products are easily separated from the 
desired compound. The Suzuki reaction is usually carried 
out with a homogeneous Pd catalyst, phosphorus 
derivatives as ligands, and an inorganic base (i.e., 
carbonate, bicarbonate, and hydroxide) in aqueous organic 
solvents. However, in order to use the Suzuki reaction in a 
wide range of industrial applications, a heterogeneous Pd 
catalyst must be developed.[5,6] This catalyst system has 
the advantages of ease of catalyst separation and 
reusability, and has higher reactivity due to the larger 

active surface with nano-sized metal. Additionally, the use 
of water as a solvent is a promising approach with regard 
to green chemistry.[7] Previously, we developed two types 
of solid supports which are aminopropyl-functionalized 
reverse phase silica gel and thermoresponsive poly(N-
isopropylacrylamide-co-4-vinylpyridine) (PNIPAM-4VP). 
These solid supports were applied to the syntheses of Pd, 
Au, Cu immobilized heterogeneous catalysts and various 
organic reactions such as hydrogenations, Suzuki-Miyaura 
couplings, Heck-Mizoroki couplings, Sonogashira 
couplings, Tsuji-Trost reactions, and A-3 coupling 
reactions, azide–alkyne cycloaddition reactions that were 
performed in water.[8-14] 

In this study, polymer-inorganic hybrid supports by the 
combination of polymer and silica were synthesized and 
applied to organic reactions in water. The two polymers 
were grafted onto aminopropyl silica gel by the reversible 
addition−fragmentation chain-transfer (RAFT) 
polymerization. Poly(N-isopropylacrylamide) (PNIPAM), 
which have hydrophilicity and hydrophobicity depending 
on temperature, was also grafted onto silica gel and 
followed by Pd metal immobilization. Poly(4-
vinylpyridine)(P4VP), which is expected to hold the metal 
more tightly, was grafted onto silica gel and followed by 
Pd metal immobilization. Various characterization 
techniques such as X-ray Photoelectron Spectroscopy 
(XPS), Inductively Coupled Plasma (XPS), Scanning 
Electron Microscopy (SEM), Energy Dispersive X-ray 
Analysis (EDXA), Transmission Electron Microscope 
(TEM), solid-state 13C NMR are used to verify the 
efficiency of the catalysts.  

 

 
Scheme 1: Synthesis of polymer-inorganic hybrid supported Pd catalyst 
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2 REDULT AND DICUSSION 
 

Catalysts immobilized onto polymer-inorganic hybrid 
support were synthesized; the preparation methods are 
outlined in Scheme 1. The two polymers were grafted onto 
aminopropyl silica gel by the reversible 
addition−fragmentation chain-transfer (RAFT) 
polymerization. 2-(Dodecylthiocarbonothioylthio)-2-
methylpropionic acid (DDMAT) with a hydrophobic long 
alkyl chain was selected as RAFT reagent and it is 
expected to help the organic reaction in water. First, 2,5-
dioxopyrrolidin-1-yl 2-(((dodecylthio)carbonothioyl) (thio) 
-2-methylpropanoate (DDMAT-NHS) was synthesized and 
anchored to a commercially available normal phase 3-
aminopropyl-functionalized silica gel (APSi). And poly(N-
isopropylacrylamide) (PNIPAM) and poly(4-vinyl-
pyridine) were grafted onto the resulting silica gel (Si-
DDMAT), respectively. Subsequently, the complexation of 
Pd(OAc)2 followed, and reduced using sodium 
borohydride yielding Pd(0)@Si-PNIPAM-DDMAT and 
Pd(0)@Si-P4VP-DDMAT. Introduction of polymer to 
silica gel was confirmed via solid-state 13C NMR (Figure 
1).  
 

 
Figure 1: Solid-state 13C NMR data of supports 

 
Pd metal was loaded on the starting material silica (APSi), 

Si-DDMAT, Si-PNIPAM-DDMAT and Si-P4VP-
DDMAT to confirm the efficiency of the polymer-
inorganic hybrid support. Palladium loading values on the 
catalysts were determined via inductively coupled plasma 
(ICP); the results showed the loading values to be 0.533 
mmol/g of Pd(0)@APSi, 0.334 mmol/g of Pd(0)@Si-
DDMAT, 0.317 mmol/g of Pd(0)@Si-PNIPAM-DDMAT 
and 0.676 mmol/g of Pd(0)@Si-P4VP-DDMAT. The 
Suzuki-Miyaura coupling reactions were carried out using 
these Pd catalysts and the results are shown in Table 1. 
The coupling reaction of 4-bromoacetophenone and 
phenylboronic acid was perfomed by 2mol% Pd catalysts 
using K2CO3 as a base in water according to the reaction 
condition which was most effective in the reaction of 
Pd@PNIPAM-4VP catalyst. 

 

 
Table 1: Catalytic activity in the Suzuki coupling reactiona 
 

 
 

Entry Catalyst 
(2mol% Pd) 

Time 
(h) 

Isolated yield 
(%) 

1 Pd(0)@APSi 2 68 

2 Pd(0)@Si-DDMAT 2 95 

3 Pd(0)@Si-PNIPAM-
DDMAT 1 97  

4 Pd(0)@Si-P4VP-
DDMAT 2 91 

a. Reaction conditions: 4-bromoacetophenone (1.0 mmol), 
phenylboronic acid (1.5 mmol), K2CO3 (3.0 mmol), H2O 
(3 mL), 60oC. 

 
As shown in Table 1, PNIPAM grafted silica catalyst 

(Pd(0)@Si-PNIPAM-DDMAT) was most effective in the 
reaction. DDMAT with a long hydrophobic alkyl chain 
also appears to help the reaction, but PNIPAM seems to 
make the reaction in water more effective (Table entries 2 
& 3). PNIPAM featured a special low critical solution 
temperature (LCST) that imparted additional control to 
accelerate the reaction. At temperatures higher than LCST, 
hydrogen bonds between the polymer and solvent 
molecules become weak and the polymer coils around 
itself, shrinking in size as intramolecular hydrogen 
bonding becomes significant. This mechanism was 
proposed for the coil-to-globule transition of polymer coils 
that took place in hydrophilic solvents.[14] Pd(0)@Si-
P4VP-DDMAT, which is expected to hold the metal more 
tightly, was also showed good result (91% yield) in the 
coupling reaction, but less effective than Pd(0)@Si-
PNIPAM-DDMAT.  
 

 
 

Figure 2: SEM(a), EDXA(b) and TEM image (c, d) of 
Pd(0)@Si-P4VP-DDMAT catalyst 
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The Pd(0)@Si-PNIPAM-DDMAT catalysts possessed an 
bead shape based on scanning electron microscopy (SEM) 
images acquired primarily from the shape of the starting 
silica gel, APSi (Figure 2a). Energy dispersive X-ray 
analysis (EDXA) further confirmed that Pd was indeed 
present (Figure 2b). This catalyst have nano-sized Pd 
metal based on TEM image (Figure 2c,d). Also, to confirm 
the oxidation number of Pd(0), the X-ray photoelectron 
spectroscopy (XPS) was checked and the result is shown 
in Figure 3.  
 

 
 

Figure 3: XPS data of Pd(0)@Si-P4VP-DDMAT catalyst 
 

Additionally, the recovered catalyst was successively 
subjected to the next runs of the coupling reaction under 
the same reaction conditions without considerable loss on 
its activity. Inductively Coupled Plasma (ICP) showed 
negligible leaching of the Pd metal into the solution. The 
study shall be seen in the light of the large interest in the 
development of a catalyst that can combine the benefits of 
heterogeneous catalysis and green chemistry. We believe 
the developed Pd catalyst capable enough to equally 
catalyze other organic reactions and transformations. 
 

 
3 EXPERIMENTAL 

 
3-1. Preparation of 2,5-dioxopyrrolidin-1-yl 2-
(((dodecylthio)carbonothioyl)(thio)-2-
methylpropanoate (DDMAT-NHS)  
 

N-hydroxysuccinimide (30 mmol) and 2-(dodecylthio-
carbonothioylthio)-2-methylpropanoic acid (DDMAT) (20 
mmol) were dissolved in tetrahydrofuran (100 mL) under 
nitrogen. N,N’-diisopropylcarbodiimide (30 mmol) was 
added dropwise in ice bath. The reaction mixture was 
stirred at room temperature overnight. The solvent was 
removed in vacuum and the crude solid was re-dissolved 
in ethyl acetate. The organic layer was washed with 
saturated sodium hydrogencarbonate solution, twice with 
water, once with brine and dried over magnesium sulfate. 

Removal of the solvent left a yellow solid which was 
recrystallized from ethyl acetate/hexane and washed with 
water to yield yellow crystals (80 %). 

 
3-2. Preparation of Pd(0)@Si-PNIPAM-
DDMAT  
 

Aminopropyl functionalized silica gel was added to a 
jacketed vial containing a solution of DDMAT-NHS 
dissolved in THF. After 24 hours of vigorous stirring at 
room temperature, the reaction mixture was filtered, 
washed with CH2Cl2, and dried under vacuum at 40 oC. 
The resulting Si-DDMAT was polymerized with NIPAM 
by the reversible addition−fragmentation chain-transfer 
(RAFT) polymerization. The polymerization was initiated 
by adding AIBN and heating the mixture at 80 oC for 4 h. 
A yellow powder was filtered off, washed with methanol 
and diethyl ether, and dried under vacuum at 40 oC for 24 
h. To coordinate Pd with the polymer, Si-PNIPAM-
DDMAT and Pd(OAc)2 were added to CHCl3. The 
reaction mixture was shaken at room temperature for 24 h, 
followed by filtration, washing with CHCl3, and drying 
under vacuum at 40 oC. And the reduction by sodium 
borohydride was followed at room temperature for 2h 
yielding Pd(0)@Si-PNIPAM-DDMAT. 
 
3-3. Preparation of Pd(0)@Si-P4VP-DDMAT 

 
Aminopropyl functionalized silica gel was added to a 

jacketed vial containing a solution of DDMAT-NHS 
dissolved in THF. After 24 hours of vigorous stirring at 
room temperature, the reaction mixture was filtered, 
washed with CH2Cl2, and dried under vacuum at 40 oC. 
The resulting Si-DDMAT was polymerized with 4-
vinylpyrinide(4-VP) by the reversible 
addition−fragmentation chain-transfer (RAFT) 
polymerization. The polymerization was initiated by 
adding AIBN and heating the mixture at 80 oC for 4 h. A 
orange colored powder was filtered off, washed with 
CHCl3, and dried under vacuum at 40 oC for 24 h. To 
coordinate Pd with the polymer, Si-P4VP-DDMAT and 
Pd(OAc)2 were added to CHCl3. The reaction mixture was 
shaken at room temperature for 24 h, followed by filtration, 
washing with CHCl3, and drying under vacuum at 40 oC. 
And the reduction by sodium borohydride was followed at 
room temperature for 2h yielding Pd(0)@Si-P4VP-
DDMAT. 

 
3-4. Suzuki-Miyaura coupling reaction and 
recycling test 

 
In a typical Suzuki-Miyaura coupling reaction 

experiment, a jacketed vial was charged with 4-
bromoacetophenone (1 mmol), phenylboronic acid (1.5 
mmol) and K2CO3 (3 mmol) in 3 mL H2O. After the 
addition of Pd catalyst (2 mol%), the reaction mixture was 
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stirred at 60 oC for several hours. The reaction was 
monitored by thin layer chromatography (TLC). After 
completion, the reaction mixture was cooled and ethyl 
acetate was added, followed by filtration, and washing 
with ethyl acetate and H2O. The ethyl acetate layer was 
collected and dried with anhydrous magnesium sulfate and 
dried over in vacuum. The product was purified by silica-
gel column chromatography and analyzed by 1H NMR 
spectroscopy. After the first reaction was complete, 
catalyst was recovered by filtration and air-dried. The 
collected catalyst was reused in the next run of the 
coupling reaction under the same reaction conditions as the 
first run.  

 
4 CONCLUSION 

 
Polymer-inorganic hybrid supports by the combination of 

polymer and silica gel were synthesized and applied to 
Suzuki-Miyaura coupling reactions in water. The two 
polymers, which are poly(N-isopropylacrylamide) 
(PNIPAM) and poly(4-vinylpyridine)(P4VP), were grafted 
onto aminopropyl silica gel by the reversible 
addition−fragmentation chain-transfer (RAFT) 
polymerization. PNIPAM grafted silica catalyst 
(Pd(0)@Si-PNIPAM-DDMAT) was most effective in the 
reaction. The study shall be seen in the light of the large 
interest in the development of a catalyst that can combine 
the benefits of heterogeneous catalysis and green 
chemistry. We believe the developed Pd catalyst capable 
enough to equally catalyze other organic reactions and 
transformations. 
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