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A series of new thiol-derivatized ibuprofen monolayer protected gold clusters have been prepared by amidation of ibuprofen with
alkyl alcohol or aminophenol affording the carboxamides, N-hydroxyalkyl amide 2, and N-hydroxyphenyl amide 6, which were
then tosylated with p-toluenesulfonyl chloride at hydroxyl group to give 3 and 7. Reactions of 3 and 7 with NaSH afforded the
mercapto derivatives 4 and 8. Conducting Brust’s reaction with a 3 : 1 mole ratio of thiolate ibuprofen/AuCl

4

− yielded polydisperse
thiol-derivatized ibuprofen-MPCs 5 and 9. All compounds have been identified by NMR, MS, UV, and IR spectroscopies.
Compounds 4 and 8 and theMPCs 5 and 9 have been investigated by using themethod of 1HNMR spectroscopy.The broadening of
the signals from 0.8 to 2.0 ppm in 1HNMR spectrum ofMPCs 5 and 9 confirmed the success of the conjugation of thiol-containing
derivatives with nanogold cluster.

1. Introduction

Gold nanoparticles have been the subject of increasing atten-
tion for the past decade, particularly since Brust et al. intro-
duced a simple method for the preparation of monodisperse
gold nanoparticles stabilized with various thiol-containing
ligands [1]. Gold thiolates have been the principal compounds
used in chrysotherapy, involving the treatment of rheumatoid
arthritis (RA) with gold-based drugs [2]. When delivered as
gold nanoconjugates, these drugsmay have a better efficiency
with reduced systemic toxicity. Moreover, the nanoscale
size of these bioconjugates is helpful to prevent uptake by
mononuclear phagocytic cells and allow for their penetration
through the smallest capillary pores within the human vas-
cular [3]. The lack of toxicity has made gold a logical and
practical choice to be used as a vehicle for drug targeting [4,
5]. Recently, there has been an increasing use of gold nanopar-
ticles (GNPs) in various biomedical applications [6, 7]. As
the most stable metallic particles, GNPs are highly attractive
because of their distinct surface plasmon resonance (SP)
bands which provide easy characterization, incorporating

functional ligands to createmonolayer protected gold clusters
(MPCs) and their biocompatibility [8].

To our knowledge, this is the first attempt in attaching
ibuprofen to GNPs to form MPCs. Only a few reports des-
cribed the loading of ibuprofen into the porous magnetic
hollow silica nanosphere (MHSNs) to study their drug load-
ing and control releasing capabilities [9]. Here, we report the
first example of the preparation of ibuprofen-MPCs. GNPs
were thermally reshaped to homogenize the size of particles
[10–12]. By using the functional group modification method,
the ibuprofen was attached to GNPs, followed by the Brust’s
reaction to afford ibuprofen-MPCs [13]. We believe that it is
an important result in the synthesis of ibuprofen-MPCs as a
new category of nano-NSAIDs (Scheme 1).

2. Materials and Methods

2.1. Materials. All manipulations involving air-sensitive
materials were carried out by using standard Schlenk tech-
niques under an atmosphere of N

2
. Reagents were purchased
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Figure 1: 3D structure for 5a and 5b after energy-minimization,
with thiol (S) and amide (C=O) atoms indicated.

from commercial sources and used without further purifi-
cation. Solvents were purified and dried by a standard
procedure before use. All other chemicals and reagents used
were of analytical grade.

2.2. Methods

2.2.1. Characterization Methods. Melting points were deter-
mined on a Yanaco micromelting-point apparatus and are
uncorrected. Nuclear magnetic resonance (NMR) (1H and
13C) spectra were recorded on a Varian UNITY plus-400 FT
spectrometer. Chemical shifts were expressed in parts per
million (ppm) with tetramethylsilane (TMS) as an internal
standard. The UV-VIS spectra were obtained with a Hitachi
U-4000 spectroscope. IR spectra were obtained on a Bio-
Rad FT-IR spectrophotometer with samples prepared as KBr
pellets.TheESI-MSwas recorded onBrukerAPEX II FTmass
spectrometer. Morphologies of all samples were investigated
by Philip CM-200 TWIN Transmission ElectronMicroscope
(TEM). A drop of dilute solution of sample (1mg sample in
1mL n-hexane) was dropped into a 200-mesh carbon-coated
copper grid sample holder. Excess solvent was swept away
by touching the edge of the grids with a small piece of filter
paper. The grids were dried in vacuum and directly observed
by TEM.

2.2.2. Synthetic Approaches to Thiol-Derivatized Monolayer
Protected Gold Clusters (MPCs) 5 and 9. A majority of the
alkyl chains are in all-trans conformation. The amide side
chains at varying positions have a dramatic influence in
the hydrogen-bonding efficiency. The radial dependence
provides ameans of controlling the assembly of the protecting
monolayer. In this study, we chose pentyl and hexyl moieties
as carbon side chains (9.32 Å and 10.45 Å measured from
thiol to amide group, resp.) in compounds 5a and 5b to
modulate the hydrogen-bonding radial structure (Figure 1).
Furthermore, the arene functionality was also incorporated
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Figure 2: TEM micrograph of thiol-derivatized ibuprofen-MPCs
samples: (a) nonuniform 9 ± 1 nm sized particles prepared by
standard two-phase protocol and (b) homogenized 13 ± 1 nm gold
particle samples prepared by heating treatment at 190∘C. Inset
photograph shows the selected area of representative image ofMPCs
samples.

into the side chain in compound 9 to probe the influence
of the nature of the side chain on the MPCs. Preparation
of the target compounds 5 and 9 is illustrated in Schemes
2 and 3. Amidation of ibuprofen with alkyl alcohol or
aminophenol provided the carboxamides, N-hydroxyalkyl
amide 2, and N-hydroxyphenyl amide 6, which were then
tosylated with p-toluenesulfonyl chloride at hydroxyl group
to afford 3 and 7. Reactions of 3 and 7 with NaSH afforded
themercapto derivatives 4 and 8. Conducting Brust’s reaction
with a 3 : 1 mole ratio of thiolate ibuprofen/AuCl

4

− yielded
a polydisperse thiol-derivatized ibuprofen-MPCs 5 and 9
in 90% yield. The experimental details and characterization
of compounds 2–9 (1HNMR, 13CNMR, and HRMS) are
provided in the Supplementary Materials available online at
http://dx.doi.org/10.1155/2013/931815.

3. Results and Discussion

3.1. Characterizations of the Morphology and Structural Prop-
erties. The heating-evolved nanoparticles were characterized
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Figure 3: UV-VIS spectra of (a) Au and unified gold nanoparticles (GNPs). (b) (1) GNPs, 4a, and MPC 5a. (2) GNPs, 4b, and MPC 5b. (3)
GNPs, 8, and MPC 9.

by a number of techniques: TEM was used for the mea-
surement of particle size and shape; UV-VIS was used for
size evolution and monitoring the plasmon absorption of
the produced compounds; IR and NMR were used for the
elucidation of thiolate shell structures.

3.1.1. TEM Imaging. Nanoparticles synthesized according to
the standard two-phase protocol and characterized by TEM
were reported in the recent literatures [1, 14, 15]. The TEM
data showed an average core size of 9 ± 1 nm with ∼80%
populations. As shown in Figure 2(a), the particle sizes
appeared nonuniform. In contrast to the morphological fea-
tures, several striking observations are evident for the
nanoparticles evolving from the heat treatment, as shown in

Figure 2(b) for a representative TEM image. The TEM image
displays an increased core size with the narrowdistribution in
which more than 90% populations are at the 13±1 nm range.
The distribution of such evolved particles is much narrower
than that of the 9 ± 1 nm particles without heat treatment.

3.1.2. UV-VIS Measurement. UV-VIS absorption spectro-
scopy was used to monitor the plasmon absorption of the
produced MPCs. Both intensity and energy of the surface
plasmon resonance (SP) bands of nanoparticles are known
to be strongly dependent on size [16]. We thus carried out
UV-VIS measurement to access the size evolution of the
nanoparticles in solution. The spectrum for the 9 ± 1 nm
sized Au particles displays an identifiable but weak SP band
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Figure 4: Selected area of 1H NMR spectra of (a) thiol-derivatized
ibuprofen samples 4b and (b) thiol-derivatized ibuprofen-MPCs
sample 5b.

enveloped around 515 nm. In contrast, the spectra of the
unified Au (GNPs) after the heat treatment at 190∘C exhibited
an increased intensity of the SP band at 520 nm.The increased
intensity of the SP band is indicated by an increase in core size
(Figure 3(a)) [17].

Figure 3(b) shows the absorption spectrum of GNPs,
thiol-derivatized compounds (4 and 8), and MPCs (5 and 9)
in n-hexane. The UV absorption of the GNPs and MPCs
decays roughly exponentially into the visible, with an SP band
located at ∼520 nm. It is a typical characteristic of particulate
gold solution ascribed to a collective oscillation of the
conductive electrons in response to optical excitation. How-
ever, thiol-derivatized compounds only show a very weak
absorption under the same condition.

3.1.3. NMR Spectroscopic Analysis. NMR spectroscopy is par-
ticularly informative about the structure and content of gold
nanoparticles [15, 18, 19]. NMR resonances of gold nanopar-
ticles are characteristically broadened relative to those of
free alkanethiols; factors include broadening of the spin-spin
relaxation time (T2, also known as transverse relaxation or
relaxation in the x-y plane), a distribution in chemical shifts
due to differences in GNPs-SR binding sites, and a gradient in

monolayer packing density from nearcore to chain terminus
with associated dipolar broadening. Figure 4(b) illustrates
the broadening of 1H NMR resonances of thiol-derivatized
ibuprofen-MPCs with increased core size, which for the
methyl resonance (∼0.8 ppm) is thought to reflect primarily
T2 broadening.

The solution NMR technique was used to confirm an
important question, which was whether 5 and 9 functional-
ized the organic shell or not. Figure 4 shows the 1H NMR
spectra for the 4b and ibuprofen-functionalized MPCs 5b.
The high field (0.8–2.3 ppm) peaks established the reso-
nances as contributed from the –CH

2
and –CH

3
groups.

It was interesting to note that the ibuprofen alkanethiol 4
(Figure 4(a)) gave sharper NMR signals at room temperature
in comparison with the ibuprofen-functionalized MPCs 5b
(Figure 4(b)). The conformation of the functionalization
comes from the low field peaks at 6.0–8.0 ppm, which estab-
lished the resonances of the ibuprofenyl amino alkanol moie-
ties.

3.1.4. IR Spectroscopic Analysis. IR spectroscopy has been
used frequently for the characterization of the as-synthesized
thiolate-encapsulated gold nanoparticles and any kind of
interaction between thiolate-derivatized samples and GNPs
[20, 21]. The infrared spectra of MPCs were collected over
the range from 400 to 4000 cm−1. The IR spectra obtained
for the GNPs, thiolate-derivatized ibuprofen 8, and MPC
9 are shown in Figure 5. Comparing the overall similarity
of IR spectra in both high- and low-energy regions, it
suggests the absence of major structural decomposition or
transformation. The IR spectra of 8 and 9 show absorptions
around 3330, 3460, and 1645 cm−1 which are attributed to the
stretching vibrations of N–H of the amide and C=O groups,
respectively. The alkyl side chains C4 or greater, as indicated
by the asymmetric CH

2
stretches, lie around 2920 cm−1 and

symmetric stretching bands at 2850 cm−1. The finger regions
and all the other bands of 8 were observed in the spectra
of MPC 9. The SH stretching vibration of free alkanethiols
is found at around 2400 cm−1. However, none of the SH
stretching vibrations are found in the MPCs spectra. The
data suggest that SH bond of the alkanethiol is broken upon
binding to the GNPs.

4. Conclusions

A series of gold MPCs containing ibuprofen moiety was
studied.Thiol-derivatized ibuprofen-MPCs were synthesized
by Brust’s method and characterized by a variety of analytical
techniques. In this study, we believe that our findings provide
a new pathway for the production of ibuprofen-MPCs with
well-defined size and shape from preformed nanoparticles
by a relatively simple heating procedure. The versatile and
reproducible procedure may be extended to many other
similar composite nanoparticle systems. The resulting thiol-
derivatized ibuprofen-MPCs could be a promising candidate
for the treatment of rheumatoid arthritis.
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Figure 5: IR spectroscopic analysis of (a) GNPs. (b) Thiol-derivatized ibuprofen 8. (c) Thiol-derivatized ibuprofen-MPC 9.
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