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Abstract: This paper presents the synthesis, characterization, and catalytic evaluation of Jeffamine core 

PAMAM dendrimer-silver nanocomposites (Ag JCPDNCs). Generation-4 polymeric Jeffamine cored PAMAM 
dendrimer (JCPD or P4.NH2) was used as the stabilizing and templating agent for the synthesis of Ag-
JCPDNCs. Characterization of the synthesized Ag JCPDNC was performed by UV-visible (UV-Vis) 
spectroscopy and high resolution transmission electron microscopy (HRTEM). The catalytic activity of 
dendrimer nanocomposite (DNC) was assessed on the reduction of 4-nitrophenol (4-NP) to 4-aminophenol 
(4-AMP) in the presence of sodium borohydride (NaBH4) as reducing agent by monitoring the conversion 
at λ = 400 nm. The prepared Ag JCPDNCs displayed a good catalytic activity (K = 0.12 x 10-2 s-1) for the 

model reduction reaction of 4-NP with the particle size distribution of 4.72 ± 0.81 nm, which offer a mixed 
type (interior and exterior) of DNC formation. The Ag JCPDNCs can be a valid complete alternative to their 
existing candidates in the literature with their different polymeric organics components and be great 

potential for the future studies as new materials. 
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INTRODUCTION 
 

Over the last decades, due to their unique 
structural properties, metal nanoparticles (NPs) 
have received greater attraction in various 

applications compared to their bulk counterparts 
(1, 2). Although NPs have been applied in several 
applications (3-7), their use as catalysts has 
attracted great interest (8-10). In case of their 
prone-to-agglomerate in solution, stabilization of 
NPs is of great deal. Among various stabilizers 
such as surfactants (11), ligands, micelles and 

polymers (12, 13), dendrimers are promising 
templates to synthesize numerous transition 

metal NPs such as Ag (14-16), Au (14, 17), Cu 
(18, 19), Ni (20), and Ru (21) with well-regulated 

size, position, and composition depending on 
their three-dimensional, monodisperse, unique 
architectures preventing them from nanoparticle 

growth, assembly, aggregation, and damage (22, 
23). Thus, the size and shape of the resulting 
dendrimer nanocomposites (DNCs) or dendrimer-
encapsulated metal nanoparticles (DENs), can 
remain steady so that a constant desired activity 
can be reached. These characteristics of DNCs 
make them useful and attractive in various 

applications involving optoelectronics (24), 
semiconductor, noble metals, magnetic DNC, 
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environmental cleanup, and especially in catalysis 

(25-27). In particular, DNCs can be potentially 
used in homogeneous and heterogeneous 

catalysis owing to their size and the ability to 
design catalytic active sites (28).  
 
In recent years, DNCs have been intensively 

prepared and characterized by using 
commercially available ethylene diamine core 
poly(amido amine) (PAMAM) cored dendrimers, 
and their catalytic properties were investigated 
(22). Results of these studies revealed that 
generation number and surface functional group 
has a crucial role on effect on the catalytic activity 

of DNCs. However, no one to the best of our 
knowledge has studied to the preparation of DNCs 
by using a polymeric cored PAMAM dendrimer and 
a little attention has been paid for the preparation 
DNCs from PAMAMs having a different core than 
traditional ones (ethylene diamine) and 

investigation of their catalytic activities.   

 
Nitrophenols are regarded to be one of the most 
common sources of organic pollutants from 
industrial and agricultural activities. This case 
also involves the companies which area 
manufacturing explosives, dyestuffs, insecticides, 

and other products (29-31). In particular, United 
States Environmental Protection Agency (USEPA) 
considers nitrophenols as the leading toxic 
pollutants (19). Interestingly, 4-aminophenol (4-
AMP) is an important commercial intermediate for 
the production of analgesic and antipyretic drugs, 
one of which is paracetamol (32). Thus, the direct 

catalytic reduction of 4-nitrophenol (4-NP) to the 
4-AMP is a significant and urgent request by many 

industries as it could be an environmentally 
friendly process (33).  
 
In one of our recent studies (34), we have 
reported the microwave assisted fast, facile and 

one pot synthesis of polymeric cored Jeffamine 
core PAMAM dendrimers (JCPDs) up to 
generation-4 (G4). Here, we introduce for the 
first time the synthesis and characterization of 
Jeffamine core PAMAM dendrimer-silver 
nanocomposites (Ag-JCPDNCs) with the use G4 

JCPD and later applied these DNCs in the catalytic 
conversion of 4-NP to 4-AMP by using sodium 
borohydride (NaBH4).  
 
MATERIALS AND METHODS 
 

Chemicals and Materials 

Jeffamine ® T-403 cored and amine terminated 
P4.NH2 PAMAM dendrimers were synthesized by 
using microwave technology according to the 

procedure which was reported in our recent study 

(34). All the other chemicals were of analytical 
grade and obtained from Merck and Sigma 

chemical companies, and used without any 
further purifications. All the experiments were 
conducted using ultrapure water (18.2 mΩ cm) 
from a Millipore Milli-Q system.  

 
Instrumentation 
pH measurements were performed with Mettler 
Toledo five easy pH meter. Calibration of the pH 
meter was performed by using pH solutions at 
4.01, 7.00 and 10.01 standard solutions (Merck 
Millipore, USA).  

 
Ultraviolet-visible (UV-Vis) absorption spectra 
were recorded with Cary 60 UV-Vis 
spectrophotometer (Agilent, USA) with 1-cm 
quartz cells. The morphology and the sizes of the 
Ag JCDNCs were characterized using a Tecnai G2 

Spirit BioTwin high resolution transmission 

electron microscope (HRTEM, FEI, USA) at 80 kV 
accelerating voltage. The microscope was 
equipped with a charge couple device (CCD) 
digital camera and samples were prepared by 
using 200 mesh carbon-coated copper grid.  
 

Microwave-irradiated reactions were carried out 
with a microwave reactor (Discover SP, CEM, 
Matthews, NC, USA), with a continuous 
microwave power delivery system with operator 
selectable power output from 0 to 300 W (±30 W) 
programmable at 1-watt increments, infrared 
temperature control system programmable from 

25 to 250 oC, pressure controlled and 5 to 125 mL 
vessel capacity was used as microwave reactor.  

 
Preparation of Ag-JCPDNCs 
The synthetic method used in the preparation of 
Ag JCPDNCs was adapted from the literature with 
slight modifications (35). Briefly, the pH of the 

P4.NH2 2 mM dendrimer solution (0.2 mmol, 10 
mL in water) was adjusted approximately to 2.0 
by using 0.1 N HNO3 solution. Then, aqueous 8. 
75 mM AgNO3 solution (2 mmol, 228 µL) was 
added to the dendrimer solution. The mixture was 
stirred for 4 h by purging nitrogen to allow Ag+ 

ions to coordinate with the tertiary amine groups 
of the dendrimer. This was followed by the 
dropwise addition of 10-fold excess of 0.1 M 
NaBH4 aqueous solution (20 mmol, 200 µL) to 
reduce the Ag+ ions to Ag0 in P4.NH2/Ag+ salt 
complex. The colorless solutions turned 

immediately to yellow. The reaction was stirred 

for 1 h at room temperature and the UV-Vis 
measurements were performed (Scheme 1). 
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Scheme 1. Schematic illustration of the preparation of P4.NH2 dendrimer-encapsulated silver 

nanoparticles (Ag JCPDNCs). 

 
Catalytic Activity Assay  
The catalytic activity of Ag JCPDNCs was 
investigated in the reduction of 4-NP to 4-AMP. In 

a typical catalysis assay, Ag JCPDNC (100 µL, 
0.02 mM), 0.1 M NaBH4 (35 mmol, 350 µL), de-

ionized water (2.5 mL) and 12.75 mM 4-NP (0.38 
mmol, 30 µL) were mixed together in a 10 mm 
path-length glass cuvette. The change in the 
absorbance of 4-NP as a function of time was 
monitored by UV-Vis spectrophotometry in the 
wavelength range of 250-500 nm immediately. 
The yellow solution turned to colorless gradually 

in the presence of dendrimer nanocomposites. 
 
RESULTS AND DISCUSSION 
 
Characterization of Ag JCPDNCs 
The preparation of Ag JCPDNCs using JCPDs as 

templates were monitored by UV-Vis spectra 
(Figure 1). Investigation of Figure 1 showed that 
neat aqueous JCPD solution displayed an 

absorption band approximately at λ 284 nm in 
accordance well correlated with the literature 

(34). The sudden appearance of a new absorption 
band at around λ 300 nm, indicating the 
occurrence of (Ag+)10 JCPD complex between the 
tertiary amine groups of PAMAMs and Ag+ ions 
(36), was seen by the addition of the AgNO3 
solution. After reduction by NaBH4, an intense 
plasmon peak at λ 400 nm were formed. This 

clear UV-Vis band was the proof the formation of 
Ag JCPDNCs and all these spectral changes were 
in good alignment with the literature where 
PAMAMs are used as templates for Ag NP 
preparation (35, 37, 38). 

 
Figure 1. UV-Vis spectra of (a) JCPD or P4.NH2, aqueous solution, (b) P4.NH2/Ag+ complex and (c) Ag 

JCPDNC. 
 
Unlike conventional NPs, which are usually in the 
structure of microcrystalline and their surface are 
passivated against further crystallization leading 
to secondary clustering by stabilizers, DNCs are 

soft hybrid materials composed of inorganic 
domains embedded inside or dispersed on the 
surface of dendrimers and covalent branches 
behaving like separators (39). Such kind of their 
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unique structures enable them to be often as 

amorphous in different types of single 
nanocomposite structures in which the metal NPs 

are generated or stabilized as internal “I” (intra 
type DENs), external “E” (inter type DENs) or 
mixed “M”. Former studies revealed that 
metallodendrimers, having average particle size 

between 1 to 4 nm, are supposed to be intra type 
DENs while those of greater than 5 nm are called 
as inter type DENs (39, 40). 
 
In order to provoke the small sized Ag NP 
formation, we have kept the pH~2 and the time 
long by keeping to metal to dendrimer ratio (10) 

almost approximate the one fifth of the tertiary 
amine number (45) of JCPD P4.NH2 so as to 
promote the formation of interior type DNCs. The 
morphology and the average NP size distribution 
were analyzed using HRTEM. The resultant 
micrograph and particle size distribution 

histogram are shown in Figure 2. In general, the 

shape of Ag DENs exhibited spherical 

morphology. HRTEM characterization showed 
83.06% distribution with the Ag DEN size of 4.71 

± 0.845 nm. It is noteworthy that the Ag DENs 
with the polydispersity index of 17.94%. These 
HRTEM results indicated and it could be concluded 
that mixed “M” type DNCs, where the NPs are 

stabilized in both interior and exterior of 
dendrimer, were formed in all cases when the 
JCPDs are used as the templating agent for the 
preparation of DNCs since the average NP size 
obtained in this study were above 4 nm but not 
greater than 5 nm (39, 40). Indeed, the smallest 
Ag DEN can be reasonably attributed to “I” type 

nanocomposite formation while biggest particles 
can be evidenced to “E” type formations. This 
could be attributed to use of G4 JCPD as the 
templating agent for the preparation of Ag DENs 
as being different from the existing literature 
where the conventional ethylene diamine 

monomer used as the core (35, 37, 38). 

 
Figure 2. HRTEM image (a) and particle size distribution histogram of Ag JCPDNC (b).  

 
Catalytic activity and UV measurements 
The model reduction reaction of 4-NP to 4-AMP 
with NaBH4 as the hydrogen source was chosen 
to estimate the catalytic activity of the 

synthesized Ag-JCPDNCs (35). This reaction has 
a unique feature of exhibiting maximum 
absorbance band at λ 317 nm in water whereas it 
has a maximum at λ 400 nm because of its 
conversion to p-nitrophenolate and can be 
pursued easily by observing the alteration in the 
UV-Vis spectrum at λ 300 and 400 nm (41). 

Before investigating the catalytic activity of DNCs, 
NaBH4 was added to the 4-NP solution without the 

nanocatalyst to prove that the NaBH4 compound 
used during the reduction only as the proton 
source. After 24 h, UV-Vis measurement of the 
prepared solution was taken again and an 
insignificant decrease in the adsorption band of 4-

NP, which is indicating a non-proceeding of the 
reduction reaction even with the use of large 

amount of NaBH4, was remarked (Figure 3). In 
the presence of a catalyst, the addition of NaBH4 
arose a gradual drop in the absorption band λ 400 
nm while a new characteristic absorption band 

occurrence and increase at around 295 nm, which 
is the characteristic peak of 4-AMP and signal of 
the successful reduction of the 4-NP to 4-AMP, 
was observed. (42, 43) (Figure 4). It is 
noteworthy that the UV-Vis spectra are useful 
tools to identify the species in the solution; 
however, it fails while getting information about 

the intermediated on the particle surfaces. All in 
all, the isosbestic point at λ ~325 nm proves the 

complete transformation of 4-NP to 4-AMP 
without side reactions (44). Therefore, it could be 
inferred that the reactant molecules establish a 
direct contact with the Ag DENs by transferring 
electrons from the donor BH4

- to the acceptor 4-

NP by adsorption through the dendrimer 
nanocomposites (42).  
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Figure 3. UV-Vis spectra of 4-NP in the presence of NaBH4 without Ag JCPDNC.  

 

 
Figure 4. Time based variation in the UV-Vis spectra for the 4-NP reduction reaction in the presence of 

Ag JCPDNC ([4-NP] = 0.38 mmol; [NaBH4] = 35 mmol; [Ag JCPDNC] = 0.02 mM; 25 oC) 

 
In the reduction experiments, the reaction media 
was purged with nitrogen to avoid oxygen. 
Nevertheless, an induction time was observed in 

all cases up to 200 sec (Figure 5). This case is a 
typical one and is related with the activation time 
of the catalyst at heterogeneous catalytic 

processes (41). As the concentration of the all 
used NaBH4 was in considerable excess in 
contrast to 4-NP, the reduction process 
guarantees pseudo-first-order reaction conditions 
as demonstrated in Figure 5. Investigation of 
Figure 5 reveals that there occurs and intercept 

point at the absorbance variation scatter plots at 
λ 295 and 400 nm bands in time. This is the point 
where the solution color decolorized from yellow 

to colorless and the reaction ended (776.47 sec). 
The inset of Figure 5 displays the first order 
kinetic plots for the Ag JCPNCs. As it can be seen 

clearly, the linear fitting plot of ln(A/A0) versus 
time obeys the first order kinetics and the 
apparent first-order rate constant (K) were 
calculated as 0.0012 s-1 from the slope of this 
curve (R2 = 0.9982). 
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Figure 5. Time dependence of the adsorption of 4-NP ions at λ 295 and 400 nm. The inset demonstrates 

the linear fit for the first order kinetics at λ 400 nm ([4-NP] = 0.38 mmol; [NaBH4] = 35 mmol; [Ag 
JCPDNC] = 0.02 mM; 25 oC) 

 
Table 1 shows the catalytic results obtained from 
different works for the reduction of 4-NP in the 
presence of Ag DNCs with different structures, 

where the Ag DENs involved and prepared by 
ethylene diamine cored conventional G4 amine-
terminated PAMAMs as templates (15, 16, 35). As 
can be seen from Table 1, the rate constant 
obtained here for Ag JCPDNCs was considerable 

higher than DNCs having possible exterior type 
DNC structure while approximate to ones with 

interior type DNC structures. Notably, it could be 
clearly seen from Table 1 that a small decrease in 
the size of Ag DENs are resulted in observable 
enhance at the rate constant. This could be 
attributed to size and shape dependence of the 
synthesized Ag DENs to the type and variation of 
architecture of the used dendrimer template in 

the aqueous media as well as the synthesis 
conditions. Several factors such as generation 
size, type of core and repeating branches, density 
of functional groups and voids in the inner cavities 
can affect the conformation of dendrimers in 
aqueous media (45). Among these factors, pH is 

the one of the most important factors. Previous 
studies have shown that upon lowering the pH, 

amine-terminated PAMAMs display extended 
configuration owing to the electrostatic repulsions 
stemming from the protonated tertiary amine 
groups in the interior and primary amine groups 
at the periphery so that dendrimer branches apart 

(46, 47). On the contrary, at high pHs over 9, 
shrinking or back-folding happens on account of 

the hydrogen bonding between the tertiary amine 
and surface primary amine groups leading a 
densely packed structure to dendrimer (47, 48). 

Considering these results, the common property 
of the procedures presented in Table 1 except for 
exterior type possible DNC structure formation is 
the use of acidic media, pH ~2, in the preparation 
of Ag DENs with a well-defined metal dendrimer 

ratio for G4 amine-terminated PAMAMs. Thus, the 
extended structure of the dendrimer templates 

should be favored to formation of inner type DENs 
with particles sizes lower than 4 nm. For our 
study, mixed type DNC structure have been 
observed. This could be attributed to pH-
dependent conformational change and nature of 
the charged groups on the polymeric Jeffamine 
core P4.NH2 PAMAM template due to their extent 

of protonation, and therefore, stabilization 
properties while preparing Ag DNCs. In particular, 
it might be difficult for the substrate to contact 
the active metallic site on Ag JCPDNCs due to its 
different pH dependent conformation that may 
lead to increase in sterically branches emanating 

from three arms in contrast to two for 
conventional PAMAMs. Thus, this could be also 

attributed differences in particle sizes and 
negligible catalytic activity decrease for Ag 
JCPDNCs. Overall, the proposed Ag JCPDNCs in 
here can be complete and good alternative to 
other Ag DENs present in the literature with 

mixed type possible structures and good catalytic 
behaviors.  
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Table 1. Comparison of the rate constants of Ag DNCs with the literature. 

Catalyst Dendrimer 
core 

Possible DNC 
structure 

D (nm) K (s-1) Reference 

Ag12 DEN EDA Interior 3.1 ± 0.6 0.7 × 10-2 (35) 
Ag13 DEN EDAa Interior 1.17 ± 0.13 1.1 × 10-2 (15) 

Ag DEN EDA Exterior 6.5 ± 1.9 5.9 × 10-4 (16) 

Ag10 DEN Jeffamine Mixedb 4.72 ± 0.81 0.12 × 10-2 This work 
a EDA: Ethylene diamine 
b Mixed: Interior and exterior 

 
CONCLUSIONS 
 
In this paper, G4 JCPDs which has a polymeric 
Jeffamine core were evaluated for the first time 
for the preparation of Ag JCPDNCs. The average 

particle size was found to be 4.72 ± 0.81 nm, 
which offers a mixed type of possible DNC 
structure. The prepared Ag JCPDNCs were found 
as catalytically active in the model reduction of 4-

NP to 4-AMP by demonstrating first-order kinetics 
with a rate constant of 0.12 × 10-2 s-1, which 
offers a satisfactory and pleasurable performance 

compared with the existing literature with its 
different size distributions and structures. In 
particular, the synthesized Ag JCPDNCs can be a 
valid complete alternative and great potential to 
their existing candidates in the literature with 
their different polymeric organics components for 
the future studies. 
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