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Preparation of Resorcinarene-Functionalized Gold Nanoparti-
cles and Their Catalytic Activities for Reduction of Aromatic 

Nitro Compounds 
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Resorcinarene-functionalized gold nanoparticles (AuNPs) were prepared conveniently in aqueous solution in 
the presence of amphiphilic tetramethoxyresorcinarene tetraaminoamide. The obtained AuNPs were characterized 
and analyzed by UV-vis, FT-IR, XRD and TEM, respectively. The results showed that the size of AuNPs and the 
standard deviations were all decreasing with the increase of resorcinarene concentration. In addition, the catalytic 
activity of the obtained AuNPs in the reduction of aromatic nitro compounds was also investigated. In aqueous so-
lution the reaction follows a first order kinetics and the size of AuNPs has influence on the rate of reduction.  
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Introduction 

In recent years, the preparation and application of 
gold nanoparticles (AuNPs), which have unique optical, 
electrical, catalytic and other properties,1,2 constitute a 
major research area that attracts considerable attention 
from both fundamental and applied research.3,4 In par-
ticular, AuNPs are widely used for different studies due 
to their chemical stability and easy preparation. There-
fore, the controlled preparation of metallic materials in 
the nanometer range is attracting increasing research 
efforts. Several preparation methods of AuNPs includ-
ing aqueous and nonaqueous processes have been de-
veloped.5,6 For the fabrication of AuNPs, it is well 
known that the reaction medium, reducing agent and the 
capping agent are three key factors for the preparation 
and stabilization of the NPs. Among these factors the 
stabilizers play an essential role in controlling the for-
mation of nanoparticles as well as their dispersion sta-
bility.7 As the third generation of supramolecular hos-
ters, calixarene and resorcinarene are versatile macro-
cyclic compounds that present a hydrophobic core 
sandwiched between two functional rims,8 which can be 
easily chemically modified and such modification is of 
interest for promising application in nanomaterials, mo-
lecular reorganization and nano devices. Recently, 
calixarene is well known as protective agents to stabi-
lize and functionalize AuNPs in the emerging areas of 
nanoscience and technology.9 Wei and co-workers10-12 
have demonstrated that resorcianrene and its derivatives 
are good dispersants for stabilizing AuNPs in nonpoar 
solvents. Furthermore, calixarene-capped nanoparticles 
have attracted increasing attention in the field of mo-

lecular reorganization.13 Sanchez-Cortes et al.14 re-
ported the use of calixarene-functionalized AgNPs for 
polycyclic aromatic hydrocarbons detection by sur-
face-enhanced Raman scattering. Brust et al.15 intro-
duced a very simple route for the preparation of wa-
ter-soluble calixarene-functionalized AuNPs and dem-
onstrated that in an aqueous environment the calixarene 
retains its molecular recognition properties. Li et al.16 
reported the calixarene-functionalized NPs employed as 
highly-sensitive luminescence probes for optical recog-
nition of anthracene and pyrene by changing the cavity 
size of calixarene. However, the investigation of cata-
lytic properties of the calixarene-encapsulated AuNPs is 
at very beginning.17 We also used amphiphilic resorci-
narene polyaminoamide as stabilizer to protect gold 
nanoparticles and as template for the fabrication of gold 
nanoparticle/microtube hybrid material.18 Recently the 
C4 symmetric tetraalkoxyresorcinarene has emerged as a 
new members of resorcinarene family and have at-
tracted much attention in versatile application fields.19 
In the present study, we wish to report our preliminarily 
results on the preparation of tetramethoxyresorcinarene 
encapsulated AuNPs with amphiphilic tetramethoxyre-
sorcinarene tetraaminoamide and their catalytic activity 
on reduction of some aromatic nitro compounds.  

Results and discussion 

The synthetic route for preparing the stabilizer 
tetramethoxyresorcinarene tetraaminoamide in three 
steps is shown in Scheme 1. In the first step the 
tetranonyl tetramethoxyresorcinarene (A) was prepared 
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Scheme 1  Synthetic route of tetramethoxyresorcinarene tetraaminoamide (RPAMA) 

 

 
by Lewis acid BF3•Et2O catalyzed condensation of 
3-methoxyphenol with decanal according to the pub-
lished procedure.19 Then resorcinarene was alkylated 
with methyl α-chloroacetate in K2CO3/KI/acetone sys-
tem, which is the well established efficient synthetic 
procedure for the peralkylation of calixarene and resor-
cinarene.20,21 The expected tetramethoxyresorcinarene 
acetate derivative (B) was synthesized in 54% yield. In 
the third step tetramethoxyresorcinarene acetate was 
ammonolysized with excess ethylene diamine in reflux-
ing ethanol and toluene to give the desired tetranonyl 
tetramethoxyresorcinarene tetraaminoamide in 80% 
yield, which is given the symbol name RPAMA in this 
text. RPAMA is a new kind of novel amphiphilic mole-
cule with four hydrophilic aminoethylamido groups and 
four hydrophobic nonyl chains linked to a large resor-
cinarene cavity. 

Gold colloids can be prepared by using tetrameth-
oxyresorcinarene tetraaminoamide (RPAMA) as protec-
tive stabilizer according to the same procedure de-
scribed in our recently published paper.18 At first an 
aqueous solution of HAuCl4 and RPAMA aqueous solu-
tion were mixed. Thus Au3＋ ions were absorbed on the 
PRAMA where they coordinated with amnioamido 
groups. Subsequent reduction with sodium borohydride 
yielded PRAMA encapsulated AuNPs, which are solu-
ble in water and stable for several months. Figure 1 
shows the representative UV-vis spectra of gold colloids 
stabilized with RPAMA at its different concentration. 
Nearly all of the RPAMA-protected gold nanoparticles 
displayed the characteristic optical signal of gold col-
loids, a plasmon resonance in the visible region within 
the 500—550 nm range.22 When the concentration of 
RPAMA was 5, 20, 60 and 200 µmol/L, the maximum 
absorption wavelengths of gold hydrosols was 557, 533, 
524 and 518 nm, respectively. The surface-plasmon ab-
sorption band undergoes a blue shift from 557 to 518 
nm with the increase of RPAMA concentration. This 
shift might be due to the decrease in the size of AuNPs 
formed. Additionally the intensity of AuNPs absorption 
peak increases with increasing RPAMA concentration. 
The result suggests that the growth rate of particles is 
fast and thus larger-sized gold nanoparticles would be 
obtained at the lower concentration of RPAMA in the 
system. 

 

Figure 1  UV-vis spectra of gold colloids stabilized by RPAMA 
at different concentrations. c/(µmol•L－1): (a) 200, (b) 60, (c) 20, 
(d) 5. 

Typical TEM images and histograms of size distri-
bution of RPAMA-capped AuNPs at different concen-
trations are displayed in Figure 2. The average diame-
ters and standard deviations determined from their his-
tograms at 5, 60 and 200 µmol/L were (17.04±7.95), 
(9.37±3.07) and (6.59±2.03) nm, respectively. As 
anticipated from the absorption data, polydisperse 
AuNPs were observed in Figure 2a, which were ob-
tained by using RPAMA as capping agent at lower 
concentration. With the increasing of stabilizer concen-
tration, spherical AuNPs together with a few triangular 
AuNPs appear (Figure 2b). In addition, spherical 
AuNPs with a relatively narrow particle size distribution 
were also observed, as shown in Figure 2c, which were 
obtained at the concentration of 200 µmol/L.  

The exact capping mechanism of RPAMA on the 
formation of AuNPs is interesting topics of the current 
investigation, which has been established in our previ-
ous work by using similar amphiphilic octaaminoamido 
resorcinarene for the preparation of AuNPs.18a,18b 
RPAMA acts as both a template for the preparation of 
monodisperse AuNPs and a stabilizer. When the appro-
priate amount of reducing agent sodium borohydride 
was added into the above solution, the RPAMA-stabi- 
lized gold hydrosol was prepared. The timely and effec-
tive protection of RPAMA for the separated AuNPs 
prevents particles from aggregating.   
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Figure 2  TEM micrographs of the Au nanoparticles capped by RPAMA at different concentration. c/(µmol•L－1): (a) 5, (b) 60, (c) 200. 

A comparison of the two FT-IR spectra not only 
supported the presence of resorcinarene molecules on 
gold nanoparticles, but also revealed the nature of in-
teraction of resorcinarene molecules with the AuNPs.23 
The features of the pure RPAMA spectrum in the region 
of 3000—2800 cm－1 are similar to those of the spectra 
of the surface-bound RPAMA molecules on AuNPs. It 
is well known that the symmetric and antisymmetic 
stretching vibrations of CH2 can be used as a sensitive 
indicator of the ordering of alkyl chains. The shift of 
vibrations to lower frequency suggests that alkyl chains 
have more ordered structures. The peak at 724 cm－1 
corresponds to the rocking mode of methylene chain for 
pure RPAMA. When RPAMA coats on the surface of 
gold nanoparticles, the peak shifts lower to 721 cm－1. 
The above results further indicate that RPAMA mole-  

 
Figure 3  FT-IR spectra of the pure RPAMA powder (a) and 
RPAMA-capped gold nanoparticles (b). 
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cules capping gold nanoparticles have a more ordered 
structure of the methylene chains. 

XRD measurement for RPAMA-capped AuNPs is 
shown in Figure 4. For the XRD patterns of RPAMA- 
capped AuNPs, the observed diffraction peaks are those 
expected for fcc gold on the basis of the bulk lattice 
constants and are broadened in contrast to the bulk due 
to the finite size of nanoparticles. The result shows that 
RPAMA molecules are adsorbed on the surface of gold 
nanoparticles and play a protecting role for particles.  

 

Figure 4  XRD pattern of RPAMA-capped gold nanoparticles. 

In order to test the catalytic activity of the above 
prepared RPAMA-capped AuNPs, the well established 
AuNPs catalytic reduction of 4-nitrophenol with 
NaBH4

24,25 was used as an comparison standard with 
UV-vis method. It is seen that an absorption peak of 
4-nitrophenol undergoes a red shift from 317 to 400 nm 
(due to the generation of 4-nitrophenolate ion) immedi-
ately upon the addition of aqueous solution of NaBH4 
(500 mmol/L), corresponding to a significant change in 
solution color from light yellow to yellow-green.  

 

Figure 5  UV-vis absorption spectra of the 4-nitrophenol before 
(a) and after (b) the addition of NaBH4. 

In the absence of catalyst of AuNPs, the absorption 
peak at 400 nm remained unaltered for a long duration,  

indicating the inability of the strong reducing agent 
NaBH4 itself to reduce 4-nitrophenolate ion.23 Re-
markably, the addition of an aliquot of AuNPs (0.3 
mmol/L) dispersion to the mixture caused a fading and 
ultimate bleaching of the yellow-green color of 
4-nitrophenolate ion in aqueous solution, suggesting the 
occurrence of the reduction reaction. This discoloration 
was quantitatively monitored by UV-vis spectra with 
time and has been noted as a successive decrease of the 
peak height, which was due to the reduction of 
4-nitrophenol to 4-aminophenol. Figure 6 verifies this 
conclusion as well, as the absorption band of 
4-nitrophenolate ion at 400 nm decreases and disappears 
within 13 min after the addition of AuNPs, with the 
concomitant appearance of two new peaks at 300 and 
230 nm, respectively (attributed to the generation of 
4-aminophenol). 

 
Figure 6  Successive UV-vis absorption spectra of the reduction 
of 4-nitrophenol by NaBH4 in the presence of RPAMA-capped 
AuNPs of (9.37±3.07) nm as catalyst. 

Since the concentration of NaBH4
 added in the sys-

tem is much higher in comparison with that of 
4-nitrophenol, it is reasonable to assume that the con-
centration of 4BH－  remains constant during the reac-
tion. In this paper, pseudo-first-order kinetics could be 
used to evaluate the kinetic reaction rate of the current 
catalytic reaction, together with the UV-vis spectra in 
Figure 6. As expected, a good linear correlation of ln A 
versus time was obtained, and the kinetic reaction rate 
constant is estimated to be (2.32×10－3) s－1 (Figure 7). 
This value is comparable to that of other nanoparticle 
catalysts for the reduction of 4-nitrophenol in the pres-
ence of NaBH4. The catalysis of the AuNPs is possibly 
due to the efficient electron transfer from 4BH－  ion to 
nitro compounds mediated by the higher driving force 
of particle-mediated electron transfer caused by their 
large Fermi level shift in the presence of highly elec-
tron-injecting species such as borohydride ions.26  

When the same experiment was conducted with 
AuNPs of (17.04±7.95) nm, the peak due to 
4-nitrophenolate ion at 400 nm remains unaltered for a 
long duration. The kinetic reaction rate constant is esti- 
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Figure 7  Plot of ln A against time for the Au nanoparticles 
catalytized reduction of 4-nitrophenol. 

mated to be (1.29×10－4) s－1, indicating the very lower 
catalytic properties of the larger AuNPs for reduction of 
4-nitrophenol. When the same experiment was con-
ducted with AuNPs of (6.59±2.03) nm (Figure 9) the-
absorption band of 4-nitrophenolate ion at 400 nm de-
creases and disappears within 3 min after the addition of 
AuNPs. Thus the small AuNPs show greater catalytic 
property for reduction of 4-nitrophenol. Remarkably, 
the size of the AuNPs showed obvious impact on the 
reduction rate, the rate for the reduction of 
4-nitrophenol decreased with increasing of the size of 
as-prepared AuNPs.23 It is interesting to compare the 
catalytic activities for the reduction of 4-nitrophenol by 
the size of AuNPs used. The order of the catalytic prop-
erty is AuNPs (6.59±2.03) nm＞AuNPs (9.37±3.07) 
nm＞AuNPs (17.04±7.95) nm. The origin of this order 
clearly lies in the reaction natures of mechanism. The 
rate of electron transfer at the metal surface can be in-
fluenced by the diffusion of 4-nitrophenol to the metal 
surfaces and the interfacial electron transfer and diffu-
sion of 4-aminophenol away from the surface.  

 
Figure 8  Successive UV-vis spectra of the reduction of 
4-nitrophenol by NaBH4 in the presence of RPAMA-capped 
AuNPs of (17.04±7.95) nm as catalyst.  

The catalytic ability of AuNPs for other aromatic ni-
tro compounds was also investigated under similar reac-
tion conditions with the reduction of 4-nitrophenol.  

 
Figure 9  Successive UV-vis spectra of the reduction of 
4-nitrophenol by NaBH4 in the presence of RPAMA-capped 
AuNPs of (6.59±2.03) nm as catalyst. 

3-Nitrophenol and 2-nitrophenol could be reduced with 
NaBH4 with small size of AuNPs as catalyst and their 
rate of reduction has been studied. As shown in Figure 
10a, time dependent reduction of 3-nitrophenol was ob-
served by the successive decrease in the absorbance 
value at 400 nm. Figure 10b shows the reduction reac-
tion was completed in 25 min, which is relatively longer 
than 3-nitrophenol and 4-nitrophenol. Thus three iso-
mers of nitrophenol show the relative velocity for cata- 

 
Figure 10  Successive UV-vis absorption spectra of the reduc-
tion of (a) 3-nitrophenol and (b) 2-nitrophenol by NaBH4 in the 
presence of RPAMA-capped AuNPs of (6.59±2.03) nm as cata-
lyst. 
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lytic reduction in the series of 4-nitrophenol＞3-nitro- 
phenol＞2-nitrophenol. 

Furthermore, the catalyst reduction of 4-nitroaniline 
was also conducted with the use of AuNPs as catalyst. 
As shown in Figure 11, the reaction completed within 
14 min. This result shows that the RPAMA-capped 
AuNPs have very potential catalytic ability for reduc-
tion of the different kinds of aromatic nitro compounds. 

 

Figure 11  Successive UV-vis absorption spectra of the reduc-
tion of 4-nitroaniline by NaBH4 in the presence of RPAMA- 
capped AuNPs of (6.59±2.03) nm as catalyst. 

Experimental 

Materials and characterization 

3-Methoxyphenol, methyl chloroacetate, ethyl-
enediamine were purchased from Alfa. Hydrochloro-
auric acid (HAuCl4), sodium borohydride (NaBH4), 
2-nitrophenol, 3-nitrophenol, 4-nitrophenol and 
4-aminophenol were of reagent grade and were pur-
chased from Shanghai Chemical Reagent Co. Double 
distilled water was used through-out the experiment. 
NaBH4 solution was prepared in ice-cold distilled water. 
All the glassware was cleaned by soaking in aqua regia 
and finally washing with doubly distilled water. 

UV-vis spectroscopy of the samples were recorded 
on a UV-2550 PC UV-vis spectrometer (Shimadzu), the 
spectral background absorption was subtracted by 
means of the UV-vis spectrum of water. The morphol-
ogy and size of the Au hydrosol was investigated on a 
Philips TECNAI-12 TEM instrument operated at an 
accelerating voltage of 120 kV. Samples of gold 
nanoparticles for TEM studies were prepared by placing 
drops of the solutions onto 200 mesh copper grids cov-
ered by Formvar film. Fourier transmission infrared 
spectra of the samples were collected in the transmis-
sion mode on a Nicolet 740 FT-IR spectrometer. The 
spectra were obtained over 100 scans from which a 
background spectrum (empty cell) was automatically 
subtracted. XRD data were obtained with a graphite 
monochromatic device and Cu Kα radiation (λ＝
0.15406 nm) on the D8 Advance Super speed Powder 
Diffractometer (Bruker), operated in the θ∶2θ mode 

primarily in the 20°—85° (2θ) range and step-scan of  
2θ＝0.04°. The tube voltage was 80 kV, and the tube 
current was 200 mA.  

Synthesis of the tetramethoxyresorcinarene 
tetraaminoamide stabilizer  

2,8,14,20-Tetranonyl-4,10,16,22-tetrahydroxy-6,12, 
18,24-tetramethoxyresorcinarene19a  A solution of 
3-methoxyphenol (50 mmol, 6.20 g) and decanal (50 
mmol, 7.80 g) in dichloromethane (25 mL) was cooled 
with ice bath. The boron trifluoride etherate (100 mmol, 
14.20 g) was added dropwise to the solution and the 
mixture was stirred at room temperature for 24 h. The 
reaction mixture was then washed with water (50 mL×
2), dried over MgSO4 and the solvent removed under 
reduced pressure to give a dark red oil. After adding 10 
mL of methanol and stirred for some time, the white 
solid A was obtained in 84% yield. m.p. 98—100 ℃; 1H 
NMR (CDCl3, 300 MHz) δ: 7.53 (s, 4H, OH), 7.21 (s, 
4H, ArH), 6.34 (s, 4H, ArH), 4.26—4.25 (m, 4H, 
CHAr), 3.82 (s, 12H, OCH3), 2.17 (s, 8H, CH2), 1.31—
1.29 (m, 56H, CH2), 0.88 (t, J＝7.2 Hz, 12H, CH3); IR 
(KBr) ν: 3387, 2924, 2852, 1619, 1588, 1498, 1462, 
1298, 1235, 1194, 1162, 1093, 899, 837, 723 cm－1. 

2,8,14,20-Tetranonyl-4,10,16,22-tetra(methoxycar- 
bonylmethoxyl)-6,12,18,24-tetramethoxyresorcina- 
rene19b  A mixture of A (5.0 mmol, 4.76 g), anhydrous 
potassium carbonate (70 mmol, 10.6 g) and potassium 
iodide (8.0 mmol, 1.3 g) in dry acetone (150 mL) was 
heated to refluxing for at least 0.5 h. Then methyl 
chloroacetate (50 mmol, 5.45 g) was added and the 
reaction mixture was refluxed for 7 d. Then the potas-
sium carbonate was removed by filtration. After evapo-
ration of the solvent and excessive methyl chloroacetate 
the red oil residue was titrated with 10 mL of ethanol to 
give white crystal B in 54% yield. m.p. 80—81 ℃; 1H 
NMR (CDCl3, 300 MHz) δ: 6.61 (s, 4H, ArH), 6.29 (s, 
4H, ArH), 4.50 (t, J＝7.2 Hz, 4H, CHAr), 4.20 (d, J＝
15.6 Hz, 4H, OCH2), 4.01 (d, J＝16.2 Hz, 4H, OCH2), 
3.77 (s, 12H, OCH3), 3.62 (s, 12H, OCH3), 1.81—1.23 
(m, 64H, CH2), 0.85 (t, J＝7.2 Hz, 12H, CH3); IR (KBr) 
ν: 2922, 2852, 1773, 1752, 1612, 1502, 1436, 1405, 
1375, 1304, 1193, 1126, 1076, 911, 812, 721 cm－1. 

2,8,14,20-Tetranonyl-4,10,16,22-tetraaminoethyl- 
carbamoylmethoxyl-6,12,18,24-tetramethoxyresorcin- 
arene  A mixture of B (1.0 mmol, 1.00 g) and 
1,2-diaminoethane (8.0 mL) in ethanol (15 mL) and 
toluene (15 mL) was reflux for 24 h. The organic sol-
vent and excessive amine were removed under vacuum. 
The residue was crystallized in ethanol to give white 
solid C with RPAMA as its symbol in this text. Yield 
80%; m.p. 128—130 ℃; 1H NMR (CDCl3, 300 MHz) δ: 
7.04 (s, 4H, ArH), 6.71 (s, 4H, ArH), 4.51—4.48 (m, 
4H, OCH2), 4.40—4.38 (m, 4H, OCH2), 4.26—4.24 (m, 
4H, CHAr), 3.67 (s, 12H, OCH3), 3.40—3.27 (m, 8H, 
NCH2), 2.81—2.80 (m, 8H, NCH2), 1.29—1.23 (m, 
64H, CH2), 0.86 (t, J＝7.2 Hz, 12H, CH3); IR (KBr) ν: 
3396, 2925, 2853, 1678, 1584, 1502, 1444, 1403, 1297, 
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1196, 1126, 1050, 911, 821 cm－1. 

Preparation of gold nanoparticles capped with 
RPAMA  

RPAMA-coated gold nanoparticles were prepared by 
the reduction of HAuCl4 solution as described in our 
previous reports.18 In a typical experiment, an aqueous 
solution of HAuCl4 (0.20 mL, 9.7 mmol/L) and 
RPAMA aqueous solution (6.0 mL) were mixed in a 
100 mL round flask. Then, sodium borohydride aqueous 
solution (0.40 mL, 0.1 mol/L) was injected into the 
above solution under vigorous stirring, and the resorci-
narene-capped AuNPs were immediately obtained.  

Procedures for the reduction of nitro compounds 
using RPAMA-coated AuNPs 

The catalytic reduction of 4-nitrophenol was studied 
as follows. In the standard quartz cuvette with 1-cm 
path length, 6 mL of 0.15 mmol/L 4-nitrophenol and 1 
mL of 0.5 mol/L NaBH4 aqueous solution was added. 
Then the addition of 0.1 mL of Au colloid to the mix-
ture caused the decrease in the intensity of the peak of 
4-nitrophenol. The absorption spectra were recorded 
every 3 min in the range of 200—700 nm at room 
temperature. The control experiment was also carried 
out using the mixtures of NaBH4 and 4-nitrophenol. The 
absorption spectrum of 4-nitrophenol was unaltered. 
The same procedure was applied to the catalytic reduc-
tion of 2-nitrophenol, 3-nitrophenol and 4-nitroaniline.  

Conclusion 

We have successfully synthesized a novel amphi-
philic resorcinarene surfactant (RPAMA) with four 
amine groups that can become both template and stabi-
lizer for gold nanoparticles. It is found that the particle 
size of AuNPs prepared using RPAMA decreases with 
an increase in the molar ratio of [ RPAMA]/[Au3＋], and 
their standard deviation also becomes small. Stable 
AuNPs are obtained by the RPAMA adsorbing on the 
gold surfaces as a bilayer. The combination of catalytic 
qualities of AuNPs with NaBH4 reduces aromatic nitro 
compounds to amines in aqueous media. A distinct dif-
ference in the catalytic activity is observed with the 
change of the AuNPs size. This suggests that the rate 
constant is significantly affected by the size of the 
RPAMA adsorbing on the nanoparticles. The rate of 
reduction has been observed to follow the sequence: 
4-nitrophenol＞3-nitrophenol＞2-nitrophenol. 
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