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A B S T R A C T

A remarkable solvent effect in a single-phase synthesis of monodisperse amine-capped Au nanoparticles

is demonstrated. Oleylamine-capped Au nanoparticles were prepared via the reduction of HAuCl4 by an

amine-borane complex in the presence of oleylamine in an organic solvent. When linear or planar

hydrocarbon (e.g., n-hexane, n-octane, 1-octadecylene, benzene, and toluene) was used as the solvent,

high-quality monodisperse Au nanoparticles with tunable sizes were obtained. However, Au

nanoparticles with poor size dispersity were obtained when tetralin, chloroform or cyclohexane was

used as the solvent. The revealed solvent effect allows the controlled synthesis of monodisperse Au

nanoparticles with tunable size of 3–10 nm.

� 2013 Nan-Feng Zheng. Published by Elsevier B.V. on behalf of Chinese Chemical Society. All rights

reserved.
1. Introduction

Colloidal Au nanoparticles have attracted considerable interest
due to their potential applications in biolabeling, photonics,
catalysis, and so on [1–3]. Sub-10 nm Au nanoparticles with a
narrow size distribution can be used to precisely evaluate the size
effect or support effect in catalysis [4–7], as well as further serve as
building blocks for the construction of high-ordered superlattices
or nanostructures [8–12]. Since the development of the Brust–
Schiffrin two-phase synthetic method [13], the wet synthesis of
monodisperse Au nanoparticles with size less than 10 nm has
attracted much research effort and thus received significant
progress during the past two decades [1,14–20].

In the developed methods, the use of organic capping agents
(e.g., thiol and amine) is generally required to stabilize and
facilitate the synthesis of sub-10 nm Au nanoparticles in solutions
[13–19]. However, many studies have revealed the synthesis of
monodisperse Au nanoparticles highly depends on various factors
which at least include capping agent, reducing agent, solvent and
temperature [15–18,21–23]. In some cases, a little change of some
parameters could result in a great change in the size and quality of
the obtained Au nanoparticles [18], making the synthesis hardly
repeatable among different groups. Consequently, systematic
studies on how reaction parameters influence the formation of
Au nanoparticles are essential to develop a highly repeatable
synthetic method of high-quality Au nanoparticles.
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We now report here a remarkable solvent effect in the synthesis
of oleylamine (OAm)-capped Au nanoparticles using a facile one-
phase synthesis method. In the synthesis, HAuCl4 was reduced by
an amine-borane complex in the presence of OAm in an organic
solvent. High-quality monodisperse Au nanoparticles with tunable
sizes were obtained when a solvent of linear or planar hydrocarbon
(e.g., n-hexane, n-octane, 1-octadecylene, benzene, toluene) was
used. In contrast, the use of solvents, such as tetralin, chloroform
and cyclohexane, led to the formation of Au nanoparticles with
poor size dispersity. The revealed solvent effect can be used to
control the particle size of Au nanoparticles, making it possible to
obtain highly monodisperse amine-capped Au nanoparticles with
size ranging from 3 nm to 10 nm.

2. Experimental

2.1. One-step one-phase synthesis of Au nanoparticles

In a typical synthesis of (5.3 � 0.5) nm Au nanoparticles, an
orange precursor solution of n-hexane (10 mL), OAm (10 mL), and
HAuCl4�4H2O (0.25 mmol) was prepared in air and magnetically
stirred in 15 8C thermostatic bath under N2 flow (�30 mL/min) for
10 min. A reducing solution containing 0.25 mmol of TBAB (tert-
butylamine-borane complex), n-hexane (1 mL), and OAm (1 mL) was
mixed by sonication and injected into the precursor solution. The
reduction was instantaneously initiated and the solution changed to a
deep purple color within 5 s. The mixture was allowed to react at
15 8C for 1 h before ethanol (60 mL) was added to precipitate the Au
NPs. The Au NPs were collected by centrifugation (6000 rpm, 5 min),
washed with ethanol and redispersed in hexane (�5 mg/mL).
behalf of Chinese Chemical Society. All rights reserved.

https://core.ac.uk/display/41362899?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.cclet.2013.03.054
mailto:nfzheng@xmu.edu.cn
http://www.sciencedirect.com/science/journal/10018417
http://dx.doi.org/10.1016/j.cclet.2013.03.054


[(Fig._1)TD$FIG]

Fig. 1. TEM images of Au nanoparticles obtained in equal volume of OAm and (a) n-hexane, (b) n-octane, (c) tetralin, or (d) chloroform. The average size is (5.3� 0.5) nm,

(5.6 � 0.4) nm, (4.2 � 0.9) nm, and (7.3� 1.8) nm, respectively. Reaction conditions: 0.25 mmol HAuCl4�4H2O, 11 mL OAm, 11 mL selective solvent, 0.25 mmol TBAB, N2 flow, 15 8C, 1 h.
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To make sure all the Au(III) precursor was reduced into Au(0),
the feed of TBAB should be more than half of Au(III) precursor in
mole ratio, which can be calculated as follows:

2HAuCl4þC4H9NH2�BH3þ3H2O

¼ 2Auð0Þ þ C4H9NH2þ8HCl þ H3BO3

The size of Au nanoparticles was controlled by tuning the ratio
of TBAB:HAuCl4�4H2O. All syntheses yielded Au nanoparticles in
nearly quantitative yield, since the upper solution after Au
precipitation was colorless and there was no color change if some
TBAB was introduced into the upper solution.

2.2. Seeded growth of 7.7 nm Au nanoparticles

HAuCl4�4H2O (0.0625 mmol, �25 mg) was dissolved in 5 mL of
1-octadecene (or tetralin) in the presence of 0.5 mL of oleylamine
by magnetic stirring. Under the protection of nitrogen, 0.2 mL of
(7.7 � 0.5) nm Au nanoparticles (5 mg/mL) dispersed in hexane was
added into the solution at 60 8C. Au overgrowth was carried out at this
temperature for 5 h. After the mixture was cooled to room
temperature, 20 mL of isopropyl alcohol was added to the reaction
mixture to precipitate the nanoparticles and the product was
collected via centrifugation (12,000 rpm, 5 min).
3. Results and discussion

In this study, the syntheses of Au nanoparticles were carried out
under a N2 flow. In a typical synthesis, HAuCl4�4H2O was mixed
with OAm in a selective organic solvent (i.e., n-hexane, n-octane, 1-
octadecylene, benzene, toluene, tetralin, chloroform, cyclohexane)
to give a homogeneous precursor solution. TBAB, a mild reducing
agent [17,18], was dissolved in the selective solvent and OAm to
prepare a reducing solution. The precursor solution and the
reducing solution were then mixed and stirred until the reduction
was complete, normally at 15–25 8C for 1 h. The as-made Au
nanoparticles were precipitated by adding ethanol, collected by
centrifugation, and washed with ethanol before characterizations.

As shown in Figs. 1 and S1 (Supporting information), high-
quality monodisperse OAm-capped Au nanoparticles were
obtained when n-hexane, or n-octane was used as the reaction
solvent. Under the same synthetic conditions, monodisperse Au
nanoparticles with average sizes of (5.3 � 0.5) nm and
(5.6 � 0.4) nm were obtained in n-hexane and n-octane respectively.
The obtained Au nanoparticles were even self-assembled into
hexagonal monolayers on TEM grids. However, when tetralin,
chloroform, or cyclohexane was used as the solvent, Au nanoparticles
with much broader size dispersity were yielded (Fig. 1, Figs. S1–3 in
Supporting information). In the case of tetralin, the formation of non-
spherical Au nanoparticles were revealed in the products. A size
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Fig. 2. TEM images of monodisperse OAm-capped Au nanoparticles obtained in n-octane under the same conditions except that different amounts of reductant TBAB were

used: (a) 0.5 mmol, (b) 0.167 mmol.
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increase from (3.1 � 0.8) nm to (5.8 � 1.8) nm was observed when
the reaction temperature was lowered from 25 8C to 15 8C. Tuning the
reaction temperature did not help much in optimizing the size
dispersity of Au nanoparticles (Fig. S2 in Supporting information).
Such a situation is quite different from previous report [18],
suggesting that the synthesis of OAm-capped Au nanoparticles in
tetralin is highly sensitive to the synthetic conditions. In linear
hydrocarbons, however, a little change in synthetic condition did not
significantly influence the quality of obtained Au nanoparticles. For
example, in n-octane, increasing the temperature from 15 8C to 20 8C
barely changed the size (from (5.6 � 0.4) nm to (5.5 � 0.4) nm) of Au
nanoparticles (Fig. S4 in Supporting information). This is distinct from
Sun’s method in which tetralin was used as the solvent [18]. In Sun’s
method, the size of Au nanoparticles was highly dependent on the
reaction temperature. A much larger size change (�1 nm) was
resulted from a temperature change of 5 8C.

Although the synthesis of OAm-capped Au nanoparticles in
linear hydrocarbons makes their size less sensitive to the reaction
temperature than in tetralin, the average size of Au nanoparticles is
easily tuned by the amount of the reducing agent while keeping all
the other conditions the same. As shown in Fig. 2, reducing
0.25 mmol HAuCl4 by various amount of TBAB in 11 mL OAm and
11 mL octane at 15 8C gave Au nanoparticles with different sizes.
While doubling the amount of TBAB from 0.25 mmol to 0.50 mmol
decreased the size of Au nanoparticles from (5.6 � 0.4) nm to
(3.4 � 0.4) nm, reducing the amount of TBAB to 0.167 mmol
[(Scheme_1)TD$FIG]
Scheme 1. Illustration of solvent effect on the Au-OAm interfac
increased the particle size to (8.1 � 0.6) nm (Fig. S5 in Supporting
information). Although the size of Au nanoparticles was highly
sensitive to the amount of TBAB used, the changed amount of TBAB
did not alter the monodispersity of Au nanoparticles. Moreover, when
the amount of TBAB was increased to 0.50 mmol, monodisperse Au
nanoparticles with a similar size (3.3–3.6 nm) were obtained in n-
hexane, n-octane and 1-octadecene at 15–25 8C (Fig. S6 in Supporting
information).

As soon as a linear hydrocarbon is used as the solvent, OAm-
capped Au nanoparticles with a narrow size distribution can be
easily prepared even if there are some small changes in synthetic
conditions. The remarkable solvent effect reported here has
motivated us to figure out how the solvents influence the
formation of OAm-capped Au nanoparticles. It should be noted
that the importance of solvent in controlling the monodispersity of
Au nanoparticle was not observed in the previously reported Au-
thiol system [17]. The difference between thiol and amine-capping
system might be caused by the different binding strength of thiol
and amine on Au. The stronger binding of thiols on Au helps to
create a compact protecting ligand layer on the surface of Au
nanoparticles. In comparison, the binding of amine on Au is
weaker, making the surface OAm protecting layer labile and
subject to the influence of solvents. Based on the interaction with
the OAm-capping layer on Au nanoparticles, hydrophobic
solvents can be roughly classified into three different categories
(Scheme 1): (1) linear hydrocarbons that can accumulate van der
e in solvents with different molecular geometries (in red).
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Fig. 3. TEM images of Au nanoparticles obtained in equal volume of OAm and (a) benzene, (b) toluene. The average size is (7.3 � 0.4) nm and (7.2 � 0.4) nm, respectively.

Reaction conditions: 0.25 mmol HAuCl4�4H2O, 11 mL OAm, 11 mL selective solvent, 0.25 mmol TBAB, N2 flow, 15 8C, 1 h.
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Waals interactions with OAm chains to form a close-packed
hydrophobic protection layer on Au surface; (2) simple aromatics,
such as benzene and toluene, that are slightly bulky but still can be
fixed in the OAm array; (3) other solvents (e.g., tetralin,
cyclohexane, chloroform) that can flip around to disturb the
OAm layer. The solvent effect on the synthesis of OAm-capped Au
nanoparticles described above could be caused by the different
interactions between solvents and the surface OAm array on Au
nanoparticles. It is worth noting that the unique interaction
between the OAm array on metal nanoparticles and guest

[(Fig._4)TD$FIG]

Fig. 4. Seeded growth of (a) 7.7 nm Au nanoparticles in different solvents: (b) 1-o

(15.0 � 1.4) nm, respectively. (d) Comparison of size dispersity of samples shown in (a–c). R

HAuCl4�4H2O, 1 mg 7.7 nm Au seeds, N2 flow, 60 8C, 5 h.
molecules has been recently applied to control the selectivity of
hydrogenation of a,b-unsaturated aldehyde [24].

In order to evaluate the proposed mechanism, we have
designed the following two series of experiments: (1) the reaction
solvents were changed from linear hydrocarbons to planar
aromatics; (2) monodisperse OAm-capped Au nanoparticles were
pre-synthesized and used as the seeds for the preparation of larger
Au nanoparticles in different types of solvents. In the first series of
designed experiments, the solvent effect was demonstrated
between linear hydrocarbons and aromatics. Similar to linear
ctadecene, or (c) tetralin. The average size is (7.7 � 0.5) nm, (9.4 � 0.4) nm and

eaction conditions in seeded growth: 5 mL selective solvent, 0.5 mL OAm, 0.0625 mmol
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Fig. 5. Self-assembly of monodisperse Au nanoparticles with different sizes: (a)

3.4 nm, (b) 5.6 nm, (c) 8.1 nm, (d) 9.4 nm.
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hydrocarbons, aromatics can have good interactions with carbon
chain of OAm on the surface of Au nanoparticles, which should help
to obtain monodisperse OAm-capped Au nanoparticles. Indeed,
when the one-step growth was performed in benzene or toluene,
high-quality monodisperse Au nanoparticles were also obtained
(Fig. 3, Fig. S7 in Supporting information). However, the interaction
of aromatic solvents (e.g., benzene, toluene) would likely reduce
the coverage of OAm on the surface of Au nanoparticles. The
reduced OAm coverage could lead to fast deposition of Au atoms
and thus formation of larger Au nanoparticles. As expected, Au
nanoparticles obtained from the one-step synthesis in benzene and
toluene had sizes of (7.3 � 0.4) nm and (7.2 � 0.4) nm, respectively.
For comparison, under the same conditions, the average sizes of Au
nanoparticles prepared in n-hexane and n-octane were (5.3 � 0.5) nm
and (5.6 � 0.4) nm, respectively. While good interaction between
OAm and solvent molecules is important to the preparation of
monodisperse OAm-capped Au nanoparticles, the size of solvents can
determine the size of obtained Au nanoparticles. These results
confirm our proposed mechanism for the observed solvent effect.

In the second series of experiments, the seeded growth of larger
Au nanoparticles from monodisperse 7.7 nm Au nanoparticles
were carried out at 60 8C in 1-octadecene and tetralin for
comparison. In the seeded growth process, OAm served as both
capping agent and reducing agent. As shown in Fig. 4, in 1-
octadecene, monodisperse Au nanoparticles with an average size
of (9.4 � 0.4) nm were obtained in 5 h, which can be explained by the
presence of compact hydrophobic protecting layer formed by OAm
and 1-octadecene. In tetralin, however, the similar growth condition
led to the formation of much larger Au nanoparticles with a much
wider dispersity (12–20 nm) (Fig. 4c). Similar to the one-step growth
of Au nanoparticles in tetralin, the formation of some non-spherical
Au nanoparticles was observed. These results suggest that in tetralin
the seeded growth occurred rather rapidly but inhomogeneously on
the surface of Au nanoparticulate seeds, which might be explained by
the lack of a close-packed protecting layer due to interruption from
tetralin molecules (Scheme 1).

Once a right solvent is used, the size of obtained Au
nanoparticles is less sensitive to small change in reaction
temperature. More importantly, while keeping decent monodis-
persity, the size of Au nanoparticles can be easily controlled by the
amount of reducing agent and also seeded growth. The obtained
different-sized monodisperse Au nanoparticles are readily assem-
bled into ordered superlattices (Fig. 5). Such a feature makes the
developed method highly desirable for the preparation of
monodisperse amine-capped Au nanoparticles for various applica-
tions, particularly for size-dependent studies.

4. Conclusion

In conclusion, we have revealed a remarkable solvent effect in
the one-phase synthesis of OAm-capped Au nanoparticles using
amine-borane complex as the reducing agent. The selective use of
linear hydrocarbons or planar aromatics as the reaction solvent is
critical to obtaining monodisperse Au nanoparticles. The revealed
solvent effect allows facile production of high-quality amine-
capped Au nanoparticles in a more controllable and repeatable
manner.
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