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Synthesis of azamacrocycle stabilized palladium nanoparticles:
Controlled size and one-dimensional growth
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Abstract. Palladium nanoparticles (PdNPs) of uniform size in the range of 3–5 nm are prepared in MeOH
and MeCN:MeOH by solvent-assisted reduction of palladium acetate in the presence of a hexaazamacrocyclic
ligand, L1. For the mixed solvent system different ratio of the solvents was tried i.e., 1:1, 1:3 and 3:1. In all
cases the concentration and ratio of Pd(II) to L1 was maintained at 2 mM:1 mM. In another experiment NPs
were prepared in MeOH by lowering the concentration of L1 to 0.5 mM, where chain-like assemblies of PdNPs
was observed. Importantly, the solutions are found to be stable at RT for months.
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1. Introduction

Size and shape of materials at nanoscopic level can
modulate the related physical and chemical properties
greatly.1 Synthesis of metal nanoparticles in a con-
trolled manner is thus attractive. Palladium nanopar-
ticles (PdNPs) of different sizes are reported where
chemical reduction of palladium salts such as PdCl2,2

Pd(OAc)2
3 and Pd(NO3)2

4 were performed in solu-
tion phases by external reducing agents such as inor-
ganic hydrides,2 citrate and ascorbate.5 Synthesis of the
nanoparticles are also performed by reduction of Pd(II)
in the solvents such as polyols or alcohols6 by heat-
ing or under ultrasonic treatment. In these methods suit-
able stabilizers are employed to prevent coagulation of
the NPs. Recently, the use of supramolecules such as
calixarenes,7 porphyrins8 and cyclodextrins9 and some
other bulky organic ligands10 are exploited as stabiliz-
ers for PdNPs. Such large molecules provide steric sta-
bilization thereby hindering the interaction of particles
approaching one another and produce smaller size par-
ticles. We have reported11 the synthesis of PdNPs in
MeCN:MeOH mixture in the absence of external reduc-
ing agent and stabilizers where MeOH is the reduc-
ing agent and the co-solvent MeCN acted as stabilizer.
However, the particles are not uniform in size (∼20 to
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50 nm) and appeared aggregated as seen in TEM micro-
graphs. These particles showed tendency of coagulation
when heated or allowed to stand for longer time. In this
work, we inspected the role of a hexaazamacrocyclic
ligand, L1 (figure 1) aiming at uniform sized and stable
PdNPs.

2. Experimental

2.1 Materials

All the glass vials are rinsed with aqua regia fol-
lowed by distilled water and dried. Palladium acetate
(99.9%) was obtained from Aldrich whereas AR grade
MeOH and MeCN were obtained from SRL and used
as received. The hexaazamacrocyclic ligand L1 was
synthesized as mentioned in the literature.12
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Figure 1. The hexaazamacrocyclic ligand L1.
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Figure 2. Representative UV-vis spectra of 2 mM
Pd(OAc)2 in MeCN:MeOH (1:1) in the presence of 1 mM
of L1 monitored at 1, 10, 20, 30, 60, 90 and 120 min. The
solution was heated at 60◦C and spectra are recorded at
30◦C.
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Figure 3. Powder XRD pattern of the PdNPs sample as
obtained from the entry 2 of table 1 (Reference: JCPDS No.
89–4897).

2.2 Characterization techniques

All UV-vis absorption spectra were recorded using
a JASCO V-550 UV-vis spectrophotometer at room
temperature. UV-vis absorption of each solution was
measured in a 3 mL quartz cuvette over the wavelength
range 200 to 800 nm. High-resolution TEM micro-
graphs were recorded using a Tecnai G-20, a 200 KeV
TEM operating at an accelerating voltage of 200 KeV.
TEM samples were prepared by dropping colloidal
solution of nanoparticles onto a carbon coated copper
grid followed by air drying at room temperature. XRD
studies of the samples were carried out on a XD-D1
Shimadzu Horizontal Diffractometer using Copper Kα

radiation as the source (λ = 1.5406 Å). The samples
were scanned in the 2θ range of 20–80◦. The sam-
ples were prepared by evaporation of the solvent under
reduced pressure and air drying. About 10 mg of a
dried sample was fixed with the help of grease on to a
thin-glass plate and diffracted.

2.3 Synthesis of PdNPs in the presence of L1

To 50 mL of hot methanol (60◦C), L1 (20.5 mg,
0.05 mmol) was added. Heating was continued for
another 30 min followed by addition of Pd(OAc)2

(22.44 mg, 0.1 mmol) to the hot solution. The colour
of the solution got changed from yellow to brownish
black within 10 min. The formation of PdNPs was con-
firmed by UV-vis spectroscopy and transmission elec-
tron microscopy. The prepared sample was cooled to RT
and the solution was evaporated under reduced pressure
and dried under vacuum to obtain the sample as pow-
der. Similar procedure was followed for other solvents
systems.
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Figure 4. A comparative structure of (a) cyclopalladated compound with (b) L1.
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3. Results and discussion

Preparation of PdNPs by reduction of Pd(II) using
MeOH as reductant in the absence or presence of a
cosolvent, however, in the presence of a stabilizer is
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Figure 5. (a) TEM image of PdNPs obtained from 2 mM
solution of palladium acetate in MeOH in the presence of
1 mM L1 at 60◦C, (b) FFT image, (c) SAED image.

possible.13 Stabilization of PdNPs were achieved by a
variety of amine based protecting agents such as lau-
ryl amine,14 octyl amine15 and oleyl amine.16 Stabiliza-
tion of silver nanoparticles by L1 is reported by us17

50 nm 

 (a)

d = 0.216 nm 
(b)

2.2 - 2.7 2.7 - 3.2 3.2 - 3.7 3.7 - 4.2   4.2 - 4.7 4.7- 5.2
0

5

10

15

20

25

30

35

Fr
eq

ue
nc

y 
%

Particle diameter (nm)

3.3 ± 1.1 nm 
(c)

5 nm 

Figure 6. (a) TEM, (b) HRTEM image and (c) particle size
distribution plot of PdNPs obtained from 2 mM palladium
acetate in 1:1 ratio of MeCN: MeOH mixture with 1 mM L1
at 60◦C.
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thus opening an avenue of further use of L1 in stabi-
lization of other metal nanoparticles. We have now pre-
pared hexaazamacrocycle, L1 stabilized PdNPs from
palladium acetate using methanol as reducing agent in
the absence or presence of MeCN. In the absence of
a stabilizer although reduction happens with in a few
minutes at 60◦C to generate PdNPs the particles are
readily coagulated in MeOH medium and with time in
MeOH/MeCN medium. In this work, the PdNPs are
prepared in MeOH and also in three different mixtures
of MeCN: MeOH (1:1, 1:3 and 3:1). In all cases the
concentration and ratio of Pd(II) to L1 is maintained at
2 mM:1 mM. In another experiment the NPs were pre-
pared in MeOH by lowering the concentration of L1
to 0.5 mM where upon chain-like assemblies of PdNPs
was observed. Importantly, the solutions are found to be
stable at RT for months.

The formation of PdNPs was followed by recording
their UV-vis spectra. It is well-known that MNPs absorb
photons in UV-vis region due to coherent oscilla-
tion of the conduction band electrons induced by the
interacting electro-magnetic fields. However, PdNPs do
not show pronounced peak due to surface plasmon. We
also observed a comparable pattern in the UV-vis spec-
tra, and hence infer the formation of PdNPs. The usual
peaks of Pd(II) around 400 nm disappeared due to for-
mation of PdNPs. Representative UV-vis spectra of a
sample prepared in MeCN:MeOH (1:1) is shown in
figure 2.

The PdNPs could be isolated in solid state (as given
in experimental section) by evaporation of the solvent.
Powder XRD was taken for a representative sample
prepared in MeCN:MeOH(1:1) in order to confirm the
formation of NPs. As shown in figure 3, XRD pat-
tern peaks are observed at 40, 46 and 68◦ which cor-
respond to (111), (200) and (220) planes of fcc lattice,
respectively. This finding indicates that PdNPs has fcc
structure.

When the reduction of a metal salt is carried out in
the presence of a ligand it is possible that during ini-
tial stages coordination complexes may form followed
by chemical reactions that lead to NPs. A variety
of Pd-organometallic precursors18 used as precata-
lysts in some organic transformations resulted in the
rapid change of the colour of the solutions to black
suggesting the formation of Pd(0). Structural stud-
ies by TEM revealed the presence of the nano-sized
particles. Therefore a probable structure relevant to L1
was chosen by comparing the literature18b as shown in
figure 4.

TEM images were obtained (figures 5–9) for all the
solutions and the data is collected in table 1. It is found
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Figure 7. (a) TEM, (b) HRTEM image and (c) Particle size
distribution plot of PdNPs obtained from 2 mM palladium
acetate in 1:3 ratio of MeCN:MeOH mixture in the presence
of 1 mM L1 at 60◦C.
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Figure 8. (a) TEM, (b) HRTEM image, (c) SAED image and (d) particle size
distribution plot of PdNPs obtained from 2 mM palladium acetate in 3:1 ratio
of MeCN:MeOH mixture in the presence of 1 mM macrocycle, L1 at 60◦C.
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Figure 9. (a) TEM, (b) HRTEM image, (c) SAED image and (d) particle
size distribution plot of Pd nanochains obtained from 2 mM palladium acetate
in the presence of 0.5 mM of macrocycle, L1 in methanol at 60◦C.
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Table 1. Size of PdNPs calculated from TEM data for the samples prepared at 2 mM
concentration of palladium acetate precursor.

Entry Ratio of Pd:L1 Solvent(s) Particle size and SD (nm) TEM image

1 2:1 MeOH 5.0 ± 1.2 Figure 5
2 2:1 MeCN: MeOH (1:1) 3.3 ± 1.1 Figure 6
3 2:1 MeCN: MeOH (1:3) 3.1 ± 0.9 Figure 7
4 2:1 MeCN: MeOH (3:1) 3.5 ± 0.6 Figure 8
5 2: 0.5 MeOH 4.2 ± 0.6 Figure 9

that the size of the particles varies from 3 to 5 nm and
hence the distribution may be considered narrow and
particles are of almost uniform size. Electron diffraction
pattern of the PdNPs is shown in figures. The values of
interplanar distance dhkl calculated from the diffraction
rings are in good agreement with the literature.19 This
indicates the existence of face centred cubic structure of
palladium in the NPs.

In the medium of methanol and by lowering the con-
centration of L1 to 0.5 mM it appears that individual
NPs are interlinked to one another as a chain which
is observed via TEM and HRTEM images (figure 8).
The affinity of nitrogen centres in L1 is apparently
responsible for such design and it is also reported for
PdNPs prepared in the presence of amine.20 Individual
NPs are attached to one another causing agglomeration
of the PdNPs to worm-like structures favoured in the
medium of methanol. In the medium of MeCN:MeOH
with L1, MeCN produces high monodispersed parti-
cles by hindering the interaction of the particles along
with L1.

In the absence of any stabilizers, PdNPs are preci-
pitated when prepared in MeOH. On the other hand,
the presence of a coordinating co-solvent MeCN could
prevent agglomeration of particles. However, the pres-
ence of a stabilizer e.g., L1 as discussed in this work,
could result uniform sized PdNPs due to steric stabi-
lization. When the amount of L1 with respect to the
concentration of Pd is lowered presumably some of the
macrocycle units are involved in capping adjacent par-
ticles thus resulting a chain-type arrangement. Without
proper and detailed study further discussion on mech-
anistic aspect of chain-like assembly formation is not
credible at this stage.

4. Conclusion

A simple method for the preparation of uniform sized
palladium nanoparticles in the narrow range of 3 to
5 nm is described in this work. The growth of particles
beyond this size is controlled by the steric bulk pro-

vided by a hexaazamacrocyclic ligand which acted as
a stabilizer. Reduction of palladium acetate to element-
al palladium could be possible by reducing nature of
the amine groups crafted in the macrocycle and also
assisted by the known reducing agent MeOH which was
the solvent of choice. While the addition of a co-solvent
MeCN did not make much of a difference to the size of
PdNPs, especially in MeOH medium when the concen-
tration of the ligand is lowered it appears that individual
NPs are interlinked with one another giving a chain-like
arrangement. The materials are characterized by UV-
vis, powder XRD, TEM and HRTEM techniques. Use
of the present ligand studied and other related ligands is
expected to contribute richly toward the preparation of
various metal nanoparticles.
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