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on the synthesis and bactericidal activity
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Abstract We explored here the synthesis of copper
nanoparticles (CuNPs) by thermal decomposition of
copper(Il) acetate in diphenyl ether in the presence of
different capping ligands. To look for any specific role
in thermal decomposition, we performed reactions in the
presence of oleic acid, oleylamine, and 1,2-octanediol,
or in the presence of different combinations of these
capping ligands, or in the absence of them. The CuNPs
obtained in the presence of oleic acid and oleylamine (in
the presence or absence of 1,2-octanediol) were stabi-
lized as Cu(0) NPs, and the “naked” NPs prepared in
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solvent only easily oxidized to CuO. Therefore, both
oleic acid and oleylamine can act as capping ligands to
prepare air-stable Cu(0) NPs. The 1,2-alkyldiol is not
necessary for metal reduction during the synthesis, but
its presence improves size and morphology control. The
presence of capping ligands significantly reduced the
bactericidal activity exhibited by the Cu NPs against the
gram-negative bacteria Escherichia coli.
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that are unique to the nanoscale. Therefore, the precise
control of the size and shape of nanomaterials, which
can be achieved by solution-phase synthesis, is
currently a major goal in nanoscience (Wang et al.
2005; Yin and Alivisatos 2005). Catalytic (Kent et al.
2014; Nagaraju et al. 2013; Roucoux et al. 2002),
magnetic (Huber 2005; Lu et al. 2007), and optical
(Alivisatos 1996; Daniel and Astruc 2004) properties,
for example, can in principle be tailored by synthesis
design.

The synthesis of nanoparticles (NPs) by thermal
decomposition of suitable metal precursors in liquid
phase has received attention as a reliable synthetic
route to prepare metal NPs of controlled size and shape
(Bao et al. 2007; Hiramatsu and Osterloh 2004; Sun
et al. 2000; Sun and Zeng 2002). This method
potentially offers control of morphological parameters
that are not easily achieved by other methods (Lima Jr
et al. 2009; Wang et al. 2007). The NPs are synthe-
sized by solution-phase reduction of the metal precur-
sor in the presence of capping ligands and reducing
agents. Typical synthetic protocols make use of metal
complexes, for example, M**(acac), (M = Fe, Pt,
etc.), Fe(CO)s, and others; oleylamine; oleic acid; a
long chain alkyl diol, for example, 1,2-hexadecanediol
or 1,2-dodecanediol; and a high boiling point solvent,
for example, diphenyl ether (bp 265 °C) or dioctyl
ether (bp 285 °C). The reaction mixture is refluxed for
the preparation of NPs, and the size can be tuned by a
seed growth process (Sun et al. 2000) or by changing
the surfactant/metal ratios (Crouse and Barron 2008;
Wei et al. 2010). The reaction temperature is also an
important parameter to control the reducing rate of
metal precursors for preparing NPs of controlled size
(Xu et al. 2009).

The synthesis of Cu NPs of different sizes was
demonstrated by thermally activated coalescence of
small-sized particles to form larger-sized particles by
desorption of capping molecules, coalescence of
nanocrystal seeds, and re-encapsulation of the larger-
sized particles (Liu et al. 2007). Higher temperature
gives larger average particle size, because desorption
of the capping ligands is favored (Mott et al. 2009),
which increases coalescence and growth of NPs. In
addition, NPs exhibit depressed melting points when
compared with their bulk counterparts, which is
another important factor for interparticle coalescence
and growth (Liu et al. 2007; Mott et al. 2007; Xu et al.
2009). For example, Cu NP with a diameter below
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4 nm is theoretically expected to exhibit a melting
point below 200 °C (Lisiecki et al. 2000; Mott et al.
2007; Zhu et al. 2005).

While much of the research on the use of thermal
decomposition methods has focused on preparing
different metal nanoparticles with narrow particle size
distributions, little progress has been done to under-
standing the role of the different components added to
the reaction mixture. The synthesis of nanoparticles by
the thermal decomposition methods occurs in a
complex mixture, and the role of each component
has not always been clearly established (Borel 1981;
Crouse and Barron 2008; Liu et al. 2007; Mott et al.
2007). Frequently, 1,2-hexadecanediol is suggested as
the reducing agent, for example in the synthesis of
CuNPs by thermal decomposition (Mott et al. 2007).
Here, we explore in detail the synthesis of CuNPs in
different combinations of oleic acid, oleylamine, and
1,2-octanediol, and also in the absence of them in
order to look for any specific role of such components
in the thermal decomposition of Cu(OAc),.

The preparation of CuNPs is difficult partially
because of copper’s propensity for oxidation (Chen
and Sommers 2001; Kawasaki et al. 2011). A key issue
is whether CuNPs can be produced and isolated with
controlled size, while keeping the oxidation state of
the metal as zero. Despite the wide range of
approaches employed toward CulNPs, many tech-
niques show either limited size control or are suscep-
tible to oxidation in air under ambient atmospheric
conditions (Dhas et al. 1998; Kawasaki et al. 2011;
Zhu et al. 2005), which can be a problem for many
applications. CuNPs find important applications in
many areas of nanotechnology, including catalysis
(Mitsudome et al. 2008), chemical sensing (Chen et al.
2011), and conductive inks (Gamerith et al. 2007;
Jeong et al. 2008; Lee et al. 2008; Woo et al. 2008) for
inkjet printing technology for the fabrication of
electronic components. Despite the antibacterial prop-
erties of copper are well recognized (Avery et al.
1996), very little is known about the properties of
copper nanoparticles, even though they are potential
candidates for the controlled release of copper ions. It
has been reported that the antimicrobial activity
correlates to the nanoparticle loading that provides
the controlled release of copper species (Cioffi et al.
2005). Potential applications include the preparation
of antibacterial paints or coatings, where a controlled
ion release through a chosen stabilizing shell or
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polymeric matrix can be advantageous compared to
the use of free copper ions or complexes.

Materials and methods
Synthesis of copper nanoparticles

CuNPs were obtained by adding 2 mmol of Cu(OAc),
into 20 mL of diphenyl ether with 2 mmol of oleyl-
amine, 2 mmol of oleic acid, and 10 mmol of 1,2-
octanediol. The solution was refluxed for 2 h, and the
color changed from blue/green to red as the reaction
proceeded. After cooling to room temperature, ethanol
(100 mL) was added to precipitate the solid, which
was separated by centrifugation. Then, the solid was
redissolved in 5 mL of toluene and precipitated again
with 100 mL of ethanol. After this washing step, the
product was isolated as a solid or redissolved in
toluene. This sample was named CuNPs_1.
Modifications of the procedure above were made to
obtain CuNPs prepared by decomposition of
Cu(OAc), in diphenyl ether in various reaction
conditions: CuNPs_2 were prepared in solvent only
(no additives were added); CuNPs_3 were prepared in
diphenyl ether and oleic acid; CuNPs_4 were prepared
in diphenyl ether and oleylamine; and CuNPs_5 were
prepared in diphenyl ether, oleic acid, and oleylamine.

Characterization methods

The nanoparticles’ morphology was obtained by
transmission electron microscopy (TEM) on a Philips
CM 200 operating at accelerating voltage of 200 kV.
The samples for TEM were prepared by placing a drop
of the nanoparticles toluene solution on a Holey
Carbon copper grid. The phase structures of nanopar-
ticles were characterized by X-ray diffraction (XRD).
For the XRD analysis, the nanoparticles were isolated
as a fine powder and placed in the sample holder. The
XRD experiments were carried out on a Rigaku-Denki
powder diffractometer equipped with a curved graph-
ite crystal using Cu Ka radiation 4 = 1.5418 A. The
diffraction data were collected at room temperature in
a Bragg-Brentano 6-26 geometry with scan range
between 10 and 100°. The diffractograms were
obtained with a constant step, A20 = 0.02. The
indexation of Bragg reflections was obtained by a
pseudo-Voigt profile fitting using the FULLPROF

code (Schmid 1992). Samples analyzed under oxygen-
free conditions were prepared in a glovebox and
covered with Kapton tape. UV-Vis analysis was
carried out with a Shimadzu UV1800 spectrometer
with a 1-cm quartz cuvette. Samples of each synthesis
performed were subjected to thermal decomposition
by means of thermogravimetric/mass spectrometry
(TG/MS) using a NETZSCH STA 409 PC LUXX
connected to a NETZSCH Q MS 403 C—quadrupole
mass spectrometer. Nitrogen purge gas was used with
a flow rate of 50 mL min~". The samples were heated
from 30 to 300 °C at a heating rate of 10 °C min~"'.

Antibacterial activity tests

The oleic-acid coated Cu NPs (CuNPs_1) and
“naked” CuO NPs (CuNPs_2) were tested against
Escherichia coli ATCC 25922 based on the method
reported by Raffi et al. (2010) and using free
copper(Il) ions as positive control. The assays were
done with (i) stock solution of CuSO4. 5 H,O in
sterilized deionized water diluted to 50 mL with
Luria—Bertani (LB) Broth, pH 7.0, to reach concen-
trations of 0, 20, 40, 60, 80, 100, 150, and 200 pg
mL~'; and (ii) dispersion of CuNPs_1 or CuNPs_2 in
sterilized deionized water obtained by ultra sonication
and equally diluted to give 50 (2.5 mg/50 mL), 100
(5.0 mg/50 mL), 200 (10.0 mg/50 mL), 400
(20.0 mg/50 mL), and 600 (30.0 mg/50 mL) pg
mL~". To each flask with specific concentration of
free copper(Il) ions or copper NPs, 10° colony
forming units/mL (CFU mL™") of fresh bacterial
suspension was added. The resulting solution or
suspension was incubated at 37 °C for 12 h and
160 rpm on orbital shaking incubator. Bacterial
growth monitored each hour by optical density was
recorded in a spectrophotometer (UV-1601PC, Shi-
madzu, Kyoto, Japan) at 600 nm, to obtain the
minimal inhibitory concentration (MIC) of copper(Il)
ions, CuNPs_1, or CuNPs_2. After 6 h of bacteria
growth, an aliquot was taken for counting the cells and
spreading them onto LB agar plates to observe cells
growth at 37 °C for 18-24 h. Plates with 30-300
colonies were the ones taken for cell counting. All
experiments were done in triplicate under sterile
conditions. The aliquots were taken at 6 h of incuba-
tion because the beginning of the stationary phase of
microbial growth (maximum number of viable cells)
was reached in the conditions employed. The MIC
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Fig. 1 a TEM image of copper particles prepared by the
thermal decomposition of Cu(OAc), in DPE, OA, OAm, 1,2-
OD (CuNPs_1), and b XRD pattern of CuNPs_1 (@) under
oxygen-free conditions and (b') after exposition to air for 24 h

was defined as the lowest concentration that inhibits
the visible microbial growth.

Results and discussion

The synthesis of CuNPs by thermal decomposition
was first performed by refluxing a solution of
copper(Il) acetate, oleylamine (OAm), oleic acid
(OA), and 1,2-octanediol (1,2-OD) in the high boiling
point solvent diphenyl ether (DPE, bp 265 °C) for 2 h.
The color of the mixture changed from blue to red,
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which is typical of nanosized copper particles. Very
stable CuNPs were isolated, redispersed in toluene,
and characterized by TEM and XRD as shown in
Fig. 1. The TEM image reveals Cu NPs of ca. 60 nm
(Fig. 1a).

The organically coated CuNPs are air stable, as can
be seen in the XRD diffractogram recorded before and
after exposing the sample to air for 24 h (Fig. 1b). The
long-range order of the nanoparticles was investigated
by XRD on powders samples. The reflections are
indexed according to the F'm3 m symmetry. The XRD
pattern confirms the presence of crystalline Cu(0) by
the appearance of the most representative Bragg
reflections of Cu(0) metal (Fig. 1b), and the most
characteristic peaks can be found at scattering angles
20 of 43.29° (111),50.37 ° (2 00), 7425 ° (2 2 0),
89.90° (311)and 95.13°(222).

A theoretical model predicts a decrease in the
melting point with decreasing size for copper particles
(Matsumoto et al. 2005); however, only NPs smaller
than ca. 10 nm have a tendency to melt at the reaction
temperature used in this study. Therefore, it is likely
that the melting of small-sized NPs and capping ligand
adsorption—desorption  equilibrium  temperature
dependence are both processes responsible for particle
size growth to ca. 60 nm. Wei et al. (2010) stabilized
CuNPs of 34 to 9 nm by varying the excess of
oleylamine (9 to 100 times the amount of copper
precursor) at lower reaction temperature (155 °C).

The synthesis of CuNPs by thermal decomposition
of Cu(OAc), in diphenyl ether was studied in more
detail by performing the synthesis in different com-
binations of the components OA and OAm and also in
the absence of them. The first reaction was performed
by refluxing a solution of Cu(OAc), in DPE for 2 h
under inert atmosphere (CuNPs_2), and a series of
reactions were repeated under similar conditions in the
presence of the following additives: OA only (CuN-
Ps_3), OAm only (CuNPs_4), and a mixture of OAm
and OA (CuNPs_5). In all syntheses, Cu NPs were
always obtained as can be confirmed by TEM and
XRD.

TEM images of samples CuNPs_3 to 5 are shown in
Fig. 2. In Fig. 2a, the CuNPs_3 synthesized in DPE,
and OA exhibited a bimodal particles size distribution.
The formation of two different particle sizes is
probably due to Ostwald ripening (Murray et al.
2000), and the reaction in this condition needs more
time to reach equilibrium. In Fig. 2b, the CuNPs_4
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Fig. 2 TEM images of copper particles prepared by the thermal decomposition of Cu(OAc), in DPE and a OA (CuNPs_3), b OAm

(CuNPs_4), and ¢ a mixture of OAm and OA (CuNPs_5)
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Fig. 3 X-ray diffraction pattern of samples prepared by thermal
decomposition of Cu(AOc), in DPE: a CuNPs_4, b CuNPs_5, ¢
CuNPs_3, d CuNPs_2, and e CuNPs_1. All samples were
isolated as powders and analyzed in ambient conditions
(exposed to air)

synthesized in DPE and OAm exhibited large and
unshaped particles. OAm probably acts as a poor
capping ligand, and during the particle growth, it does
not avoid uncontrolled growth. Otherwise, OAm so as

AO prevent nanoparticles oxidation, allowing the
isolation of air-stable CuNPs (see discussion of XRD
below). Polyhedral faceted particles were obtained in
the synthesis in DPE, OA, and OAm in the absence of
1,2-octanediol (CuNPs_5, in Fig. 2c). On the other
hand, the synthesis in the presence of 1,2-octanediol,
which provides an extra capping “force” on the
nanoparticle faces, leads to small and spherical
particles (CuNPs_1, Fig. 1a). The XRD patterns of
samples CuNPs_3 to 5 are shown in Fig. 3c, a and b,
respectively. The position and the relative intensity of
all diffraction peaks agree with the diffractogram of
the CulNPs obtained by the synthesis in the presence of
OA, OAm, and 1,2-OD (CuNPs_1), as shown in
Fig. 3e.

The intensities are normalized, and the measured
XRD data of Cu NPs were refined by the Rietveld
method. In Fig. 3a—c and e, only peaks corresponding
to Cu(0) were observed. In the synthesis performed
without capping ligands (CuNPs_2), only by refluxing
a solution of copper(Il) acetate in DPE (see Fig. 3d),
the XRD pattern found corresponds to two phases, and
the quantifications to each phase were 5 % and 95 %
for Cu(0) and CuO, respectively. The CuO phase was
indexed with space group Fm3 m. The Bragg reflec-
tions corresponding to crystalline CuO NPs by Riet-
veld refinement were observed at 20 of 36.37°, 42.25°,
61.29°, 73.41°, and 77.26°, which correspond to the
indexed planes of copper oxide crystals: (1 1 1), (20
0),(220),(311),and (2 2 2), respectively, with unit
cell parameters of a = (4.274) A. The Cu(0) phase

@ Springer
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Fig. 4 XRD pattern of samples prepared by thermal decom-
position of Cu(AOc), in DPE (CuNPs_2) a after exposition to
air for 24 h and b under oxygen-free conditions

presents a structure with space group Fm3 m and 26 of
43.53°(111),50.34° (2 0 0), and 73.25° (2 2 0). The
lattice parameter for this sample was determined to be
3.60 A. It is important to notice that the presence of
Cu(0) in the sample is a strong evidence that metal
reduction occurred during the synthesis, but in the
absence of capping ligands, the “naked” CulNPs
oxidized during the workup procedure to CuO. The
additives act as capping ligands, but seem to be not
needed for metal reduction during the thermal decom-
position in liquid phase, neither 1,2-octanediol.

The synthesis of “naked” CuNPs was repeated, and
the workup procedure and sample preparation were
done under inert atmosphere in a glovebox. The new
XRD pattern recorded with the sample protected by
Kapton tape is shown in Fig. 4. The sample is
constituted of CuNPs with Bragg reflections of
Cu(0) metal at scattering angles 20 of 43.15° (11 1)
and 50.35° (2 0 0); however, these NPs are not stable in
air and oxidize to CuO after removing excess of DPE
and exposing it to air. The new XRD pattern recorded
after the sample was exposed to air for 24 h as shown
in Fig. 4. The sample is constituted of CuO with Bragg
reflections of copper oxide at scattering angles 20 of
36.40° (1 1 1) and 42.30° (2 0 0).

Experiments of thermogravimetry coupled to mass
spectrometry (TG-MS) were performed to evaluate the
temperature of decomposition of copper(Il) acetate in
the presence of different additives and DPE upon
heating. The ion current of each m/z value measured in
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Fig. 5 Mass analysis data of the gas evolved during the thermal
analysis (measured by TG-MS) of solutions containing cop-
per(Il) acetate: a solid, b in DPE, ¢ in DPE and OA, d in DPE and
OAm, e in DPE, OA, and OAm, and fin DPE, OA, OAm, and
Diol

the gas evolved during the thermal analysis is propor-
tional to the evolution rate of the corresponding
compound. Figure 5 shows the ion intensity of m/
7 = 43 (CH;CO™), which corresponds to the decom-
position of the acetate ions in the gas phase (not
necessarily the formation of CuNPs as discussed
above). It is clearly seen that the additives used in the
synthesis can change the temperature of decomposi-
tion of copper(I) acetate. Copper(Il) acetate decom-
poses at T > 250 °C (Fig. 5a). In the presence of
solvent (DPE), the decomposition temperature
decreased about 20 °C (Fig. 5b). In the presence of
OA and DPE, the decomposition temperature
decreased almost 200 °C to the lower value observed
(broad range from 75 to 225 °C) (Fig. 5c). In the
presence of OAm and DPE, the decomposition
temperature decreased less than 100 °C to a broad
decomposition ranging from 160 to 300 °C (Fig. 5d).
In the presence of AO, OAm, and DPE, the decom-
position temperature decreased to an intermediate
value in the range of 100-250 °C (Fig. 5e). The
addition of 1,2-octanediol to the mixture of OA, OAm,
and DPE narrows the temperature range for decom-
position of the copper acetate (Fig. 5f).

The synthesis in the conditions of Fig. 5S¢ was
repeated in large scale in order to follow the CuNPs
formation as a function of the temperature. The
mixture was slowly heated up to reflux, and samples
were collected each 10 °C. No metal NPs were



J Nanopart Res (2014) 16:2588

Page 7 of 10 2588

T 20 110
£ [oTG
E | "7 O]
g 0P <
E § -250{DSC 90 &\a/
8 5 Leo 35
= 201E 5001 g
5 13 (702
2 4042 750 Leo S
g j: L 50 §
2 oL -1000-
S L 40
880l 12507 . . . 5 30

©

g (b)

3

n

N

£

c

k=3

P

=

[}

c

2

£

0 50 100 150 200 250 300

Temperature (°C)

Fig. 6 a TG/DTG and DSC obtained in dynamic nitrogen
atmosphere (50 mL.min~") and heating of copper—oleate
complex (solid). b Mass analysis data of the gas evolved during
the thermal analysis (measured by TG-MS) of copper—oleate
complex

observed upon heating the mixture at 130 °C for 2 h,
and only a green solution (Ap,x = 680 nm) was
obtained. The presence of CulNPs could be visualized
only after reaching temperature higher than 200 °C.
Park et al. (2007) in their studies on the thermal
decomposition of Fe(acac); in the presence of OA
reported the formation of the iron—oleate complex at
relatively low temperature and its decomposition at a
higher temperature to form Fe;O, NPs. We investi-
gated the thermal decomposition behavior of the solid-
state copper—oleate precursor prepared by reacting
CuCl, and sodium oleate using thermogravimetric
analysis (TG/DTG), differential scanning calorimetry
(DSC), and TG-MS (Fig. 6).

The DSC curves revealed two endothermic pro-
cesses. The first DSC peak at 75 °C can be attributed
to the melting of the crystalline Cu(oleate),, which
agrees with the experimental melting point. The
second peak at 280 °C matches with the main mass
loss process and can be assigned to the decomposition
of oleate ligand bound to copper(Il) ions. This DSC
peak also matches very well with the CO, peak (m/
z = 44) at 287 °C shown in Fig. 6b. The TG/DTG/
DSC patterns and the ion m/z = 44 intensity curves
revealed that the oleate ligand dissociates from the
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Fig. 7 Curves for time-killing effects on the growth of
Escherichia coli ATCC 25922 by copper(Il) ions (a), “naked”
CuO NPs (CuNPs_2) (b), and oleic-acid coated Cu NPs
(CuNPs_1) (c) at increasing concentrations in pig mL™hn=3

complex precursor after 220 °C by a CO, elimination
pathway. CO, elimination was also observed in the
formation of iron oxide NPs from iron—oleate (Park
et al. 2004).
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Fig. 8 Antibacterial characterization of copper(Il) ions (a),
“naked” CuO NPs (CuNPs_2) (b) and oleic-acid coated Cu NPs
(CuNPs_1) (c¢) by colony forming unit (CFU); n = 3

As a conclusion, we can suggest that the synthesis
of CuNPs by decomposition of copper(Il) acetate in
the presence of OA occurred in two steps: (i) a ligand
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exchange process between acetate and oleic acid to
form a intermediate copper(Il) oleate at lower tem-
perature (the decomposition of acetate starts at 75 °C,
Fig. 5¢) and (ii) decomposition of this intermediate to
form the CuNPs at high temperature (>220 °C,
Fig. 6).

To obtain insights into the influence of the presence
of capping ligands on the controlled releasing prop-
erties and on the bioactivity of the nanoparticles, the
oleic-acid coated Cu NPs (sample CuNPs_1) and
“naked” CuO NPs (sample CuNPs_2) were tested
against the gram-negative bacteria Escherichia coli.
For that, different concentrations of CuSO,, CulNPs_1,
and CuNPs_2 were prepared and tested as described
above. As shown in Fig. 7, bacterial cell growth
enhances the optical density of liquid nutrient medium
in the absence of free copper(Il) ions or NPs, but in the
presence of increasing concentrations of copper(Il)
ions, there is a decrease of the optical density
evidencing the inhibition of cells growth. The MIC
value for free copper(II) ions (200 ug mL™"; Fig. 7a)
is lower than that obtained for the “naked” CuO NPs
(400 png mLfI; Fig. 7b), and much lower than
obtained for the oleic-acid coated Cu NPs
(MIC > 600 pg mL™', Fig. 7c). The cells counting
assay also confirmed this behavior. The results exhib-
ited in Fig. 8a reveal that the higher the amount of
copper ions in solution, the lower the number of CFUs,
i.e., the stronger the bactericidal effect. The bioactivity
of the Cu NPs should be proportional to the concen-
tration of copper ions released to the solution, and not
necessarily to the concentration of NPs in the disper-
sions tested. In summary, the “naked” CuO NPs
(Fig. 8b) were able to release significantly more
copper than the oleic-acid coated Cu NPs (Fig. 8c)
and, therefore, display higher bactericidal effect at
lower concentration of NPs.

Conclusions

Copper NPs were obtained by decomposition of
copper(Il) acetate in diphenyl ether using different
combinations of oleylamine, oleic acid, and 1,2-
octanediol and also in the absence of such compo-
nents. It was observed that both oleylamine and oleic
acid can act as capping ligands preventing the
oxidation of copper NPs. The 1,2-alkyl diol is not
necessary for metal reduction during the synthesis, as
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usually suggested, but its presence provides size and
morphology control. None of the mentioned reagents
have a specific role as reducing agent in the synthesis,
because CuNPs were isolated from different formula-
tions, even in solvent only. However, in the absence of
additives, the “naked” CulNPs oxidize to CuO. Like
their noble metal counterparts, the organically pro-
tected CulNPs are stable in both solution and dry forms.
Moreover, the presence of capping organic ligands,
such as oleic acid, not only avoids the oxidation of the
Cu NPs, but also modulates their potential biological
application.
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