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a b s t r a c t

In this paper, we present a novel strategy, named Synchronous One-Pot (SOP) synthesis, to prepare gold
nanoparticles (AuNPs) with a diameter of 2 nm incorporated in self-assembled organic spheres with a
diameter around 60 nm (denoted as NPAs). Merits of this method include: (1) self-assembly of the
organic component (calix[6]biscrown TAC) into spheres and the reduction of chloroauric acid (HAuCl4)
take place simultaneously; (2) preparation combining UV irradiation and formaldehyde addition reduces
the size and homogenizes the distribution of the resultant AuNPs within the TAC spheres. (3) Obtained
material NPA gives attractive catalytic property to hydrogenation reaction.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Metal nanoparticles (NPs) attract great interest because of their
varieties of outstanding properties [1]. Thinking further from the
relevant achievements in literature, self-assembly of NPs into
well-defined supra-structures (NPAs), is imperative and challeng-
ing to further explore their fascinating properties [2]. Briefly,
NPA is made of metal NP itself and organic matrix, the latter is usu-
ally called nanocarrier. Generally, the NPs and nanocarriers can be
prepared concurrently or sequentially [3]. Many sequential pre-
parative methods of NPAs have been reported. Here, the precursors
of NPs, for example, chloroauric acid for AuNPs, may be introduced
directly into the preformed nanocarrier, and then reduction and
immobilization take place. Many different carrier systems have
been utilized by this two-step method in one-pot, including den-
drimers [4], microgels [5], etc. However, unreacted chemicals from
the first step may disturb the second step and thus affect the de-
sired structures and properties of the final NPAs. The concurrent
strategy is preferable as it could avoid tedious purification and ex-
tra chemicals. As an example, recently Rosi et al. reported simulta-
neous self-assembly of synthetic peptides and reduction of
chloroauric acid, resulting in AuNPs in the helix structure of pep-
tides [6]. However, until now, NPA structures prepared by such
simple method are still rare in literature.

Our group has studied continuously on self-assembly of amphi-
philic calixarenes bearing two crown ether loops, named
ll rights reserved.
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calix[6]biscrowns, which gave out uniform assembled structures
in media with certain polarity [7]. The self-assembly process is fast,
versatile, and controllable. Furthermore, the primary amine
groups, which can be easily introduced to the calixarene, could
serve as a good reducing reagent and stabilizer for the following
formation of metal NPs. This inspires us to explore a real one-pot
and concerted strategy for NPA preparation, in which the assembly
formation of calixarene and metal ion reduction take place simul-
taneously. It is worth to mention that, although derivatives of
calixarenes are routine ligands of various metal NPs [8], reports
about the self-assembled calixarenes as nanocarriers for NPs are
very limited. Recently, via a two-step method, we successfully pre-
pared and immobilized AuNPs onto the surface of nanotubes made
of our calix[6]biscrowns, assisted by the common reducing agent
NaBH4 [9]. Herein, we report a new strategy that the self-assembly
of calix[6]biscrowns is performed simultaneously with photo-
chemical reduction of chloroauric acid, which is named Synchro-
nous One-Pot (SOP) synthesis. UV light was selected as a
versatile and clean energy source [10]. In the presence of formalde-
hyde, the AuNPs obtained in NPA were as small as 2 nm in diame-
ter. Furthermore, the catalytic properties of NPAs in hydrogenation
of a,b-unsaturated aldehydes were investigated.
2. Experimental section

2.1. Materials

All materials and reagents were obtained from commercial sup-
pliers for direct use. Calix[6]biscrown TAC was synthesized accord-
ing to our reported procedure [7].
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Scheme 1. The structure of amphiphilic calix[6]biscrown TAC.
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2.2. Measurements

TEM was performed on a Philips CM 120 electron microscope.
For sample preparation, a small droplet of the solution was depos-
ited onto a carbon-coated copper grid and then dried at room tem-
perature. HR-TEM was performed on a JEM-2100F electron
microscope (Accelerating Voltage: 200 kV, Point Resolution:
0.19 nm). TEM–EDX was adopted on a Philips CM 120 electron
microscope with a QUANTAX 400 energy dispersive X-ray spectrum
as an accessory. 13C NMR was carried out on a Bruker (500 MHz)
NMR instrument, using CD3OD as solvent. XPS experiments were
carried out on a RBD upgraded PHI-5000C ESCA system (Perkin El-
mer) with Mg Ka irradiation (hm = 1253.6 eV) or Al Ka irradiation
(hm = 1486.6 eV).

2.3. Preparation of NPA-10

The hybrid nanoparticles NPA-10 was named as the average
diameter of AuNPs was about 10 nm. The preparation of NPA-10
was as follows: the aqueous solution of HAuCl4 (1 mL,
0.5 mg mL�1, 1.48 � 10�3 mmol) was dropwisely added into 1 mL
ethanol solution of TAC (1 mg mL�1, 0.7 � 10�3 mmol). Subse-
quently, the solution was irradiated with UV light (365 nm,
90 W) with continuously stirring within 1 h, and the hybrid nano-
particles NPA-10 formed in this mixed solution of water/ethanol
(v:v = 1:1).

2.4. Preparation of NPA-2

The NPA-2 was named as the average diameter of AuNPs was
about 2 nm. The preparation of NPA-2 was as follows: the aqueous
solution of 1 mL HAuCl4 (0.5 mg mL�1, 1.48 � 10�3 mmol) contain-
ing 200 lL formaldehyde (37–40% aqueous solution) was added
into 1 mL TAC solution in ethanol (1 mg mL�1, 0.7 � 10�3 mmol).
After stirring under UV light irradiation for 1 h, the NPA-2 with
uniform AuNPs with a diameter of 2 nm were prepared.

2.5. The selective hydrogenation reaction using NPAs as catalyst

The liquid phase hydrogenation of crotonaldehyde (CRAL) set-
up described in literature [11] was employed. The hydrogenation
was carried out in a 100 mL stainless steel autoclave in which
2.5 mg of the catalyst (NPA, containing variable mount of AuNPs),
0.1 mL CRAL, and 20 mL water were loaded. The reaction vessel
was sealed and purged six times with pure hydrogen. After reach-
ing the required temperature (373 K), the H2 pressure was raised to
2.0 MPa and stirring (1000 rpm) was commenced. This is taken as
the beginning of the reaction. The reaction progress was monitored
by analyzing the samples withdrawn from the autoclave at inter-
vals on a gas chromatograph (Finnigan Trace GC Ultra) equipped
with XE-60 capillary column (30 m � 0.32 mm) and a flame ioniza-
tion detector (FID). Catalysis of NPA was evaluated in triplicate,
and results from replicate runs agreed to within 2%.

3. Results and discussion

3.1. Formation of NPAs

Typical preparation of the NPAs by SOP can be described as fol-
lows. After aqueous solution of HAuCl4 (1 mL, 0.5 mg mL�1,
1.48 � 10�3 mmol) was dropwisely added into 1 mL ethanol solu-
tion of TAC (1 mg mL�1, 0.7 � 10�3 mmol, Scheme 1), the solution
was irradiated with UV light (365 nm, 90 W) with continuously stir-
ring within 1 h. It was observed that the solution color changed from
bright yellow to colorless, and then to deep red, indicating the pho-
tochemical reduction of Au3+ to Au+ then Au0, and the final formation
of AuNPs [12]. This result indicated that with UV irradiation, AuNPs
were easily generated in situ with the amine groups on TAC as a
reducing reagent and stabilizer. From TEM (Transmission Electron
Microscopy) image (Fig. 1a), AuNPs were found to disperse within
the organic spheres ununiformly. For clarity, the obtained NPA
was named NPA-10, as the average diameter of AuNPs was about
10 nm (Fig. 1b).

One of the major goals to prepare the NPA structure is to achieve
better catalytic properties of AuNPs, which greatly depends on the
particle size [13]. Uniform nanoparticles with a small diameter
(<3 nm) are desirable to achieve this goal. Formaldehyde was re-
ported as a promoting agent to decrease the size of metal NPs [14],
but seldom used in photo reduction chemistry. In current work,
aqueous solution of 1 mL HAuCl4 (0.5 mg mL�1, 1.48 � 10�3 mmol)
containing 200 lL formaldehyde (37–40% aqueous solution) was
added into 1 mL TAC solution in ethanol (1 mg mL�1,
0.7 � 10�3 mmol). After stirring under UV light irradiation for 1 h,
as shown in Fig. 2a and b, differing from the previous results without
formaldehyde, relatively uniform AuNPs with a peak diameter of
2 nm (NPA-2) incorporated in the assembled spheres of TAC with
a diameter of 60 nm were observed via HR-TEM (high resolution
TEM). Meanwhile, magnified TEM images showed a clear organic
layer of TAC surrounding AuNPs (Fig. 2d and f). Further amplified
HR-TEM image displayed clear polyhedral crystal lattices (Fig. 2c)
with a lattice distance of 0.225 nm, which is close to that of the Au
(111) (0.23 nm) of the face centered cubic (fcc). Furthermore, the
energy dispersive X-ray spectrum (EDX) clearly showed the charac-
teristic peak of Au (the inset of Fig. 2c). In addition, X-Ray photoelec-
tron spectroscopy (XPS) also confirmed the reduction as the binding
energy of Au at 88.6 and 85.0 eV (Fig. 2e). We observed that the
absorption peak in UV–vis spectra appeared at 525 nm (Fig. 2e)
which corresponded well with the red color of the obtained solution
but was not consistent with the observed diameter of AuNPs as small
as 2 nm. As shown in more TEM images, AuNPs in the present work
with a diameter larger than 5 nm are hard to find (Fig. S1); however,
the population of AuNPs larger than 3 nm (Fig. 2b) in diameter
seems enough to provide the bands at around 525 nm. Combining
these results, it could be concluded that SOP synthesis of AuNPs dur-
ing the self-assembly of amphiphilic calix[6]biscrowns has been
achieved under a combination of UV irradiation and formaldehyde
addition. Compared to NPA-10, AuNPs in NPA-2 have much nar-
rower size distribution and thus are employed for further study.

In order to explore the SOP process in detail, morphology
evolution of the self-assembly with reaction time was monitored
(Fig. 3). At the beginning of the reaction, the mixed solution chan-
ged from bright yellow to colorless within a few minutes, indicat-
ing the reduction of Au3+ to Au+. The TEM image for the sample
obtained after 10 min of UV irradiation only showed some light-
gray vesicles, while AuNPs were hardly found (Fig. 3a). The color-
less solution was then kept for 20 min under UV light before its
color gradually turned to red. The TEM image of the sample at



Fig. 2. HR-TEM images (a, c, d, f) show the hybrid nanostructure of NPA-2, amplifying sequence: a–d–f–c. The size distribution of AuNPs and the solution picture are shown in
(b), as well as the corresponding EDX (inset in c), XPS data (inset in e), and UV–vis spectra (e).

Fig. 1. (a) TEM image of NPA-10 and (b) size distribution of the AuNPs inside.
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30 min interval showed that the AuNPs appeared and dispersed
uniformly in the organic spheres (Fig. 3b). Then, more and more
well-dispersed hybrid particles were observed, while the AuNPs in-
side the spheres were uniform with a diameter around 2 nm
(Fig. 3c and d). This process was also monitored by UV–vis spec-
troscopy (Fig. S2). The characteristic absorption peak of NPA-2
was found at 530 nm at first, and then a slight blue shift was
observed as the reaction proceeded, indicating the gradual size
increase in AuNPs in the NPAs.

3.2. Influence of HAuCl4 on morphology of NPA

We already proved that [7] TAC self-assembled into uniform
vesicles or nanotubes in water/ethanol depending on the medium
polarity. Briefly, TAC gave vesicles in water/ethanol (v:v = 1:3), and
nanotubes in water/ethanol 1:1. In the present case, although the
mixed solvent of high polarity (water/ethanol 1:1) was used, only
spheres instead of tubular structures were observed when aqueous
HAuCl4 solution instead of pure water was employed (Fig. 3a). In
our very recent research, the presence of amide group in TAC
had been proved to be a crucial reason for nanotube formation
[15]. However, in this case, since the acidity of HAuCl4 is strong en-
ough to protonate the terminal amine in TAC, the corresponding
AuCl�4 may surround TAC as counterions [16]. This protonation in-
creases the hydrophilicity of the terminal groups, then decreases
the molecular curvature of TAC, and finally promotes the formation
of spheres instead of nanotubes. Another possible reason is that,
the nanotube structure requires the hydrophilic end of the



Fig. 3. (a–d) TEM images of the reaction solution taken at different time interval of 10, 30, 45, 60 min.

Q. Liang et al. / Journal of Colloid and Interface Science 383 (2012) 82–88 85
molecule to be more compact than that in spheres, the electronic
repulsion between NHþ3 ions may also disfavor this trend.

HAuCl4 concentration is another factor to control NPA. A series
of HAuCl4 solutions in a concentration range from 0.05 to 1.0 mg/mL
were employed to prepare NPA-2. As the concentration of AuCl�4
increased, the special surface plasmon peak of AuNPs obtained
after 1 h UV irradiation became more and more obvious (Fig. S3).
At the relatively low concentration of 0.10 mg/mL of AuCl�4 , the
absorption peak appeared at 515 nm. This peak red-shifted to
around 525 nm when the concentration increased to 0.50 mg/mL.
Then, it shifted further to around 541 nm when the concentration
reached 1.0 mg/mL. This trend was explored by TEM too (Fig. S4),
where the morphology of the NPA changed as the concentration
of AuCl�4 increased. At a low concentration, the amount of AuCl�4
was not enough to tune the curvature of TAC, so the irregular
spheres or other morphologies were observed (Fig. S4a). The spher-
ical structure became more and more uniform and well-dispersed
as the AuCl�4 concentration increased.
3.3. Possible role of formaldehyde

As we mentioned, formaldehyde played an important role to
form NPA-2. After addition of formaldehyde, smaller and more uni-
form size of AuNPs in TAC nanocarrier were observed, so we spec-
ulate that the AuNPs are surrounded by a stronger stabilizer rather
than the original terminal amine of TAC. Herein, the role of form-
aldehyde was explored by 13C NMR spectrum. After addition of
formaldehyde to the solution of TAC, a couple of new peaks were
observed around 85–95 ppm. So in this mixed solution, amines
from TAC may attack the carbonyl carbon in formaldehyde to form
NHACH2AOH as an intermediate moiety, because only the carbon
in TAC connected to both nitrogen and oxygen could present the
signal in this chemical shift range (Fig. 4b). The possible chemical
reaction is shown in Fig. S5. A similar phenomenon in NMR spec-
trum was also observed by Sun et al. [17]. Because of the character-
istic sp3 hybridization of the methylene carbon in NHACH2AOH,
this NACAO structure with a bond angle around 109� may serve
as a better stabilizer than amine, that is, the N atom and O atom
could stabilize AuNPs simultaneously as shown in Fig. 4a and then
lead to smaller AuNPs. Moreover, formaldehyde was reported as a
reducing agent to increase the number of initial nuclei [18], which
could be another possible reason to decrease the size of AuNPs.

This SOP method was then expanded to other noble metals.
Ag+ (AgNO3) and Pt4+ (H2PtCl6) were employed under the similar
experimental conditions in the presence of formaldehyde for 1 h
reaction. As shown in Fig. 5, NPAs of Ag and Pt similar to those
of Au were observed. Spheres formed by TAC were uniform in
diameter as that incorporating AuNPs. TEM–EDX spectra con-
firmed the existence of Ag (inset of Fig. 5c) and Pt (inset of
Fig. 5d). XPS results further revealed the binding energy at
374.4 and 368.8 eV for AgNPs, as well as 75.5 and 71.4 eV for
PtNPs (Fig. 5c and d). It is worth to mention that, primary amine
is known as a versatile binding reagent to various metal ions,
including Ag+ [19], which may also change the polarity of TAC
and leads to the formation of spheres instead of nanotubes. Con-
sidering the affinity of calixarene to various metal ions [8], this
SOP method might be a promising and universal one to prepare
NPAs for many different metal NPs, which might bring interest-
ing catalytic applications.
3.4. The catalytic properties of NPAs

To investigate the catalytic properties of the assembled AuNPs
(NPA-10 and NPA-2), hydrogenation of a typical a,b-unsatured
aldehyde crotonaldehyde (CRAL) was chosen as a model reaction.
In principle, CRAL has three hydrogenation products, i.e. butanol
(BUAL), crotyl alcohol (CROL), and butanol (BUOL) (Fig. 6c). The
hydrogenation selectivity of C@C bond and C@O bond had at-
tracted great interest as a classical reaction for selectivity [20]. In
our study, the catalytic reaction of CRAL was performed at 373 K
under 2 MPa.

H2 atmosphere in pure water with a catalytic amount of NPAs,
which were pretreated by dialysis against water in order to remove
extra alcohol and formaldehyde. Water was chosen as reaction
medium for reducing pollution, just as in our previous study [9].
As shown in Fig. 6a, the reaction led to CRAL decrease obviously
while BUAL increased sharply. The other two products CROL and
BUOL were in rather low conversions during the reaction. More
importantly, NPA-2 showed a high selectivity on C@C bond as the
production of BUAL (79.42%) was much higher than CROL (9.92%)
at a moderate CRAL conversion (48.4%). (Table S1). According to



Fig. 5. TEM images, XPS and EDX results of assembled AgNPs (a and c) and PtNPs (b and d).

Fig. 4. Scheme (a) of NPA-2 with a proposed stabilizer formed by TAC with formaldehyde; (b) 13C NMR spectra of TAC in the absence (TAC) and presence (TAC-CHO) of
formaldehyde in CD3OD.
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the literature [21], this phenomenon can be explained by the more
negative reaction enthalpy of C@C bond (�16.9 kcal mol�1) than
that of C@O (�7.3 kcal mol�1), favoring the C@C hydrogenation
thermodynamically. Besides, C@C bond also has a higher activity
than C@O for kinetic reasons. Compared to our previous research
results about AuNPs with 8 nm diameter in self-assembled TAC



Scheme 2. The Schematic representation of the formation of the NPA structures under UV irradiation and the high selectivity of C@C bond using NPA-2.

Fig. 6. Time dependent profiles of CRAL hydrogenation over NPA-2 (a) and NPA-10 (b) as catalysts, the hydrogenation scheme of CRAL (c) and the selectivity comparison (d).
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[9], NPAs made in this work achieved a higher selectivity to BUAL,
which can be explained by that the smaller size of AuNPs is associ-
ated with more corners and edges and then lead to a higher cata-
lytic activity [22]. For the control experiment, NPA-10 gave a
much lower selectivity to C@C bond and a lower total conversion,
showing an obvious advantage of using smaller AuNPs in NPAs
(Fig. 6b and Table S2). In addition, no obvious red-shift in the UV
spectrum after the catalytic reaction was observed, which indicated
no agglomeration of the NPAs in the reaction. This was confirmed
by the TEM observation (Fig. S6).

4. Conclusion

In summary, hybrid supra-structures were formed from
calix[6]biscrown and chloroauric acid. Reduction of AuCl�4 into
AuNPs and the self-assembly of the calixarene happened simulta-
neously. Under the aid of UV light and formaldehyde, uniform
AuNPs with 2 nm diameter were obtained in situ in the organic
spheres made of calixarene in a diameter of above 60 nm as shown
in Scheme 2. Nanoparticles of Ag and Pt were also prepared follow-
ing the same procedure, which provide a new Synchronous One-
Pot (SOP) method to generate self-assembled structures containing
metal nanoparticles. Besides, highly chemoselective hydrogenation
of crotonaldehyde over the resultant NPA-2 as catalyst was
observed.
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