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Abstract A series of molecular adsorbates having various
chain lengths of terminal poly(ethylene glycol methyl ether)
(PEG) moieties, thiol head groups, and intervening free radi-
cal initiator moieties was used to functionalize the surface of
gold nanoparticles (AuNPs). The bulky PEG groups stabilized
the functionalized AuNPs by providing steric hindrance
against AuNP aggregation, such aggregation being a major
problem in the modification and manipulation of metal
nanoparticles. UV–vis spectroscopy was used to evaluate the
stability of the adsorbate-functionalized AuNPs as a function
of AuNP size (∼15, 40, and 90 nm in diameter) and PEG chain
length (Mn 350, 750, and 2,000). The longer PEG chains (Mn
750 and 2,000) afforded stability to AuNPs with smaller gold
cores (∼15 and 40 nm in diameter) for up to several days
without any marked aggregation. In contrast, the adsorbate-
functionalized AuNPs with the largest gold cores (∼90 nm)
were noticeably less stable than those with the smaller gold
cores. Importantly, the adsorbate-functionalized AuNPs could
be isolated in solvent-free “dried” form and readily dispersed
in aqueous buffer solution (both acidic and basic) and various
organic solvents (protic and aprotic). This isolation–
redispersion (i.e., aggregation/deaggregation) process was
completely reversible. The chemisorption of the PEG-
terminated initiator on the surface of the AuNPs was verified

by Fourier transform infrared (FT-IR) spectroscopy and X-ray
photoelectron spectroscopy (XPS). As a whole, the strategy
reported here affords colloidally stable, free radical initiator-
functionalized AuNPs and offers a promising general method
for encapsulating metal nanoparticles within polymer shells.
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Introduction

The fabrication of polymer shell/metal core nanoparticle ar-
chitectures in which a layer of polymer material surrounds an
inorganic core has been the focus of numerous publications
owing to potential applications in fields of research ranging
from optics [1–3], to electronics [4], to catalysis [5, 6]. Such
applications typically involve tailoring the surface properties
of the core particles by coating and encapsulating them within
a desired polymeric material. Some of the physical and chem-
ical properties of the core nanoparticles are often imparted to
the resulting polymeric shell system, producing hybrid mate-
rials with novel properties and functions that are not possible
from the single-component structure alone. Among the vari-
ous polymer shell/metal core structures of particular interest is
the encapsulation of gold nanoparticles (AuNPs) within func-
tional polymers [7–10]. Such systems are attractive due to
their biocompatibility [11–13], ease of functionalization be-
cause of the strong thiol–gold bond [14], and optical proper-
ties related to the gold core and its surface plasmon character-
istics, which arise from light coupling to the collective oscil-
lation of the conduction band electrons of the metal [15].

There are two general methods for producing a polymer
shell around a gold nanoparticle: the “grafting to” and the
“grafting from” methods. In the “grafting to” method, a
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polymer molecule is grafted (covalently bonded) to the sur-
face of the AuNP [16, 17]. In the “grafting from” method,
however, the preferred polymer is grown from the surface of
the nanoparticles via a process known as “surface-induced” of
“surface-initiated” polymerization [7–9]. To generate a poly-
mer shell using the “grafting from” method, a polymerization
initiator is immobilized on the surface of the AuNPs, and
preferred monomers are polymerized on the surface of the
particles using the immobilized initiators. This process typi-
cally leads to a high polymer chain density on the surface of
the nanoparticle because the relatively small initiator mole-
cules can completely cover the gold surface. Furthermore, the
uniformity and thickness of the polymer shell can also be
controlled, allowing the fabrication of well-designed compos-
ite nanoparticles.

The immobilization of small molecules on the surface of
AuNPs, however, often allows for irreversible aggregation of
the resulting initiator-modified AuNPs, which is a major
drawback to the fabrication of polymer shell/metal core nano-
composite structures. In general, colloidal particles in a dis-
persion medium are subject to Brownian motion, and this
produces frequent collisions between particles [18]. During
such a collision, there are two basic interactions between the
particles that determine their stability: one being the attractive
forces (van der Waals attractive forces often dominated by a
metallic core) and the other being the repulsive forces (mainly
electrostatic and steric hindrance). If the attractive forces
dominate, the particles will aggregate; in contrast, if the repul-
sive forces dominate, the system will remain in a dispersed,
stable state. For nanoparticles in solution, due to the van der
Waals attractive forces acting continuously between them, it is
necessary to introduce a repulsive force to maintain particle
stability [19]. For example, AuNPs are commonly synthesized
through the reduction of auric acids in water using trisodium
citrate, with the citrate ions also serving as stabilizing ligands
providing surface-bound negative charges, repulsive electro-
static forces around the AuNPs [20]. Upon the chemisorption
of electrostatically neutral small molecules, the molecules
displace citrate ions from the AuNP surface, reducing or
eliminating the surface charges [21]. Without strong charge–
charge repulsions, these monolayer-coated AuNPs can be
driven to each other by van der Waals attractions, leading to
aggregation. In most cases, aggregation of AuNPs is an irre-
versible process, and the presence of irreversibly aggregated
AuNPs changes the particle size distribution, optical proper-
ties, and the surface-to-volume ratio for the AuNPs in solu-
tion, making it difficult or impossible to employ them in
various applications [22, 23].

A number of methods have been described for stabilizing
AuNPs, including but not limited to the physisorption of
polyoxyethylene (20) sorbitan monolaurate (Tween 20) [24],
direct attachment of bolaamphiphile surfactants [25] or
thiolated polymers [26], and layer-by-layer deposition of

polymers using charge interactions on the surface of AuNPs
as a driving force [27]. Reversible aggregation/deaggregation
of AuNPs, which is an important consideration for the devel-
opment of reusable AuNPs as well as in the development of a
fundamental understanding of the nature of the interactions
between the particles, is even more difficult to realize.
Surfactant molecules bound to the aggregated NPs have a
tendency to collapse or be displaced, allowing the metal cores
to fuse together irreversibly, giving rise to larger, insoluble
materials [23, 28].

We report here the reversible aggregation/deaggregation of
AuNPs functionalized with adsorbates having various chain
lengths of terminal poly(ethylene glycol methyl ether) (PEG)
moieties, thiol head groups, and intervening free radical initi-
ator moieties (see Fig. 1). For these adsorbates, the thiol group
at one end of the chain is utilized to anchor these surfactants to
the AuNP surface by Au–S bond formation, and the PEG
groups at the other end are used to stabilize the AuNPs via
steric hindrance. In a selected example utilizing this architec-
ture, the intervening initiator moieties were shown to promote
the growth of poly(N-isopropylacrylamide) (PNIPAM) hy-
drogel coatings on AuNPs [29]. In the present investigation,
the stability of the adsorbate-functionalized nanoparticles in
water was evaluated as a function of nanoparticle size (∼15, 40,
and 90 nm in diameter) as well as PEG chain length (Mn 0,
350, 750, and 2,000). The AuNPs stabilized with the PEG750-
modified initiator were isolated in solvent-free “dried” form
and then redispersed in aqueous buffer solutions (pH 4, 7, and
10) and in nonaqueous solvents such as ethanol (EtOH), meth-
anol (MeOH), tetrahydrofuran (THF), and dichloromethane
(CH2Cl2), where the aggregation/deaggregation was fully re-
versible. These reversible systems were monitored with the
naked eye and more precisely tracked with UV–vis measure-
ments of absorption/scattering of light by the nanoparticles (i.e.,
the extinction spectra). As a whole, these studies provide useful
cues to the assembly of stable, free radical initiator/gold core
nanoparticles capable of being encapsulated with polymer
shells, offering ready variability in the nature of both the core
particles and the polymer shells.

Experimental section

Materials

For the adsorbate syntheses, 4,4′-azobis(4-cyanovaleric
acid) (Aldrich, 75+%), 1,6-hexanedithiol (Aldrich,
96.0 %), PEG (Aldrich; Mn 350, 750, and 2,000),
N ,N ′-dicyclohexylcarbodiimide (DCC; Fluka, 99.0 %),
and 4-dimethylaminopyridine (DMAP; Acros, 99.0 %) were
used as received. THF (Mallinckrodt Baker) was freshly dis-
tilled over calcium hydride and collected immediately prior to
use. Absolute EtOHwas purchased fromMcCormickDistilling

412 Colloid Polym Sci (2014) 292:411–421



Co. and used as purchased. Hexane, ethyl acetate, chloroform
(CHCl3), CH2Cl2, and MeOH were purchased from
Mallinckrodt Baker and used without further purification. In
the preparation of gold nanoparticles, trisodium citrate (EM
Sciences, 99.0 %), and hydrogen tetrachloroaurate (Strem,
99.9 %) were used as received. All water used in the reactions
was purified to a resistance of 18 MΩ (Milli-Q Reagent Water
System, Millipore Corporation) and filtered through a 0.2-μm
filter to remove any particulate matter.

Synthesis of the initiator-containing adsorbate molecules

The strategy used to prepare the three PEG-terminated free
radical initiators is shown in Fig. 1, where each of the com-
pounds shares a common thiol-terminated intermediate, iden-
tified as HS–NN–, but having the formal name (R)-4-cyano-
4-((E)-((R)-2-cyano-5-(6-mercaptohexylthio)-5-oxopentan-2-
yl)diazenyl)-pentanoic acid. Notably, the syntheses of HS-
NN- and (E)-PEG750-4-cyano-4-((E)-((R)-2-cyano-5-(6-
mercaptohexylthio)-5-oxopentan-2-yl)diazenyl)pentanoic ac-
id (denoted as HSPEG750) were reported previously [29].

(E) -PEG350-4-cyano-4- ( (E) - ( (R) -2 -cyano-5- (6 -
mercaptohexylthio)-5-oxopentan-2-yl)diazenyl)pentanoic ac-
id (HSPEG350) The pendant end of the pure thiolated acid
(HS–NN–) was further modified with the PEG350 moiety
using a DCC/DMAP method. Under an atmosphere of argon,
1.00 g (2.43 mmol) of the pure thiolated acid and 0.85 g
(2.4 mmol) of poly(ethylene glycol) methyl ether (Mn 350,
PEG350) and 30mg (0.25 mmol) of DMAPwere dissolved in
50 mL of anhydrous THF. The solution was cooled to 0 °C
and 0.60 g (2.9 mmol) of DCC in 30 mL of THF was added
dropwise to the mixture with stirring. The reaction mixture
was allowed to react at 0 °C for 30 min and then warmed to
room temperature and stirred for 24 h under argon. The urea

precipitate was removed by filtration, and the filtrate was
poured into saturated sodium bicarbonate, extracted with
CH2Cl2, and dried over magnesium sulfate. After the solvent
was evaporated, the product was further purified by chroma-
tography on silica gel using 95:5 CH2Cl2/MeOH as eluent to
give the desired product as a clear oil (0.57 g, 0.76 mmol).
Yield was 30 %. 1H NMR (in CDCl3, δ in ppm): 4.26 (t, J =
3.3 Hz, 2H), 3.73–3.53 (m, 35H), 3.38 (s, 3H), 2.89 (t, J =
6.9 Hz, 2H), 2.49 (m, 10H), 1.73 (s, 3H), 1.68 (s, 3H), 1.58
(p, J =7.2 Hz, 4H), and 1.38 (m, 4H).

(E)-PEG2000-4-cyano-4-((E)- ((R)-2-cyano-5-(6-
mercaptohexylthio)-5-oxopentan-2-yl)diazenyl)pentanoic ac-
id (HSPEG2000) The pendant end of the pure thiolated acid
(HS–NN–) was further modified with the PEG2000 moiety
using the DCC/DMAP method used in the synthesis of
HSPEG350. After the reaction, the urea precipitate was re-
moved by filtration, and the filtrate was poured into saturated
sodium bicarbonate, extracted with CH2Cl2, and dried over
magnesium sulfate. The solvent was evaporated and the prod-
uct was further purified by chromatography on silica gel using
90:10 CH2Cl2/MeOH as eluent to give the desired product as
a white solid (1.21 g, 0.51 mmol). Yield was 20 %. 1H NMR
(in CDCl3, δ in ppm): 4.26 (t, J =3.3 Hz, 2H), 3.79–3.49 (m,
196H), 3.38 (s, 3H), 2.89 (t, J =6.9 Hz, 2H), 2.49 (m, 10H),
1.73 (s, 3H), 1.68 (s, 3H), 1.58 (p, J =7.2 Hz, 4H), and 1.38
(m, 4H).

Preparation of AuNPs

Three different sizes of AuNPs (∼15, 40, and 90 nm in
diameter) were prepared by the conventional citric acid reduc-
tion of HAuCl4 in water with trisodium citrate at a near-
boiling temperature [30]. The size of the AuNPs was
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characterized by scanning electron microscopy (SEM) and
dynamic light scattering (DLS). All glassware used in the
preparation and storage of the AuNPs were treated with aqua
regia, rinsed with purified water, and cleaned with piranha
solution (7:3 concentrated H2SO4/30 wt% H2O2). Caution:
piranha solution reacts violently with organic materials and
should be handled carefully!

Immobilization of the initiator-containing adsorbates
on the surface of the AuNPs

Ten milliliters of each AuNP solution (15 nm; ∼3×1011

particles/mL, 40 nm; ∼8×1010 particles/mL, 90 nm; ∼7×109

particles/mL) was mixed with a 1-mM solution of each ad-
sorbate (HSPEG350, HSPEG750, and HSPEG2000) in etha-
nol (3 mL) for 30 min, and the resulting mixture was allowed
to stand at room temperature for 24 h. To remove any unbound
adsorbate molecules, the final mixture was washed by centri-
fugation at 8,000, 6,000, and 3,000 rpm for the ∼15, 40, and
90 nm gold core nanoparticles, respectively, for 30 min each.
This rinse procedure was conducted twice with water and
twice with EtOH.

Characterization of the molecular adsorbates, AuNPs,
and adsorbate-functionalized AuNPs

Nuclear magnetic resonance (NMR) spectra were recorded on
a General Electric QE-300 spectrometer operating at
300 MHz for 1H NMR. The data for the organic syntheses
were collected in CDCl3 and referenced to the residual 1H
peak at δ 7.26. To characterize the bare and modified AuNPs
and to verify the assembly of adsorbate-functionalized
AuNPs, ultraviolet–visible (UV–vis) spectroscopy, Fourier
transform infrared (FT-IR) spectroscopy, X-ray photoelectron
spectroscopy (XPS), SEM, transmission electron microscopy
(TEM), and DLS were used.

The extinction spectra of the AuNPs and the adsorbate-
functionalized AuNPs were measured at room temperature
using a Cary 50 Scan UV–vis optical spectrometer (Varian)
with Cary Win UV software employed. Extinction spectra of
the prepared AuNPs in aqueous solution were collected in a
quartz cuvette having a 1-cm optical path length, scanning
over a range of wavelengths (400–1,000 nm). The measure-
ments for the solvent-free form (prepared by depositing one
drop of each of the HSPEG750-AuNPs (∼15, 40, and 90 nm
gold cores) on a glass microscope slide followed by drying in
air) were performed on conjugate arrays formed on glass
slides with unpolarized light at normal incident. Similarly,
FT-IR spectra were collected using a Nicolet MAGNA-IR
860 spectrometer. The adsorbate-functionalized AuNPs were
deposited on a polished silicon wafer and scanned 16 times at
a spectral resolution of 1 cm−1.

A PHI 5700 X-ray photoelectron spectrometer equipped
with a monochromatic Al Kα X-ray source (hν=1486.7 eV)
incident at 90° relative to the axis of a hemispherical energy
analyzer was used to collect the XPS spectra of the adsorbate-
functionalized AuNPs. Verification of the effectiveness of the
development of the initiator-containing monolayers was
conducted using HSPEG750-modified AuNPs prepared from
three different sizes of nanoparticles (∼15, 40, and 90 nm in
diameter). For these nanoparticles, 10 mL of the aqueous
suspension of AuNPs was mixed with a ∼1-mM solution of
HSPEG750 in EtOH (3 mL) for 30 min, and this mixture was
allowed to stand at room temperature for 24 h. After washing
to remove unbound adsorbate, the functionalized HSPEG750
AuNPs were then deposited onto a silicon wafer, and the
solvent was allowed to evaporate before analysis. The spec-
trometer was operated at high resolution with a pass energy of
23.5 eV, a photoelectron takeoff angle of 45° from the surface,
and an analyzer spot diameter of 2 mm. The base pressure in
the chamber during the measurements was ∼3×10−9 Torr, and
the spectra were collected at room temperature. Two, eight,
and 40 scans were accumulated to obtain the Au4f, C1s, and
S2p spectra, respectively. After collecting the data, the binding
energies of the S2p and C1s peaks were determined by setting
the Au4f7/2 peak to 83.8 eVas a reference peak.

Analyses by SEM were performed using a LEO Scanning
Electron Microscope with 20 kVof accelerating voltage dur-
ing the measurements. To collect the images, bare AuNPs and
adsorbate-functionalized AuNPs were deposited on silicon
wafers and dried at room temperature. SEM was used to
examine the overall morphology of both the bare and modi-
fied AuNPs. Similarly, TEM images of the nanoparticles were
collected using a JEM-2000 FX electron microscope (JEOL)
operating at an electron voltage of 200 kV. The samples were
prepared by placing small drops of the solution onto 300-mesh
holey carbon-coated copper grids and allowing the samples to
dry before analysis.

Analyses by DLS were conducted on dilute samples using
an ALV-5000 Multiple Tau Digital Correlation instrument
operating at a light source wavelength of 514.4 nm and a
fixed scattering angle of 90°. The diameters of the AuNPs
and the adsorbate-functionalized AuNPs were determined
from data collected at room temperature. All of the data
collected showed good Gaussian distribution curves.

Results and discussion

Stability evolution of the adsorbate-functionalized AuNPs

UV–vis spectroscopy was used to investigate the stability of
the adsorbate-functionalized AuNPs. According to Mie theo-
ry, AuNPs with a radius much smaller than the incident
wavelength of the light will absorb at certain wavelengths
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due to the resonance excitation of the surface plasmons [31].
These absorption bands are strongly influenced by the particle
shape, size, and the surrounding medium, along with the
degree to which the particles are aggregated [24, 32]. In
general, the surface plasmon resonance (SPR) band of Au
spheres (about 10–50 nm in diameter) appears at around
530 nm. Increasing the diameter of these small AuNPs pro-
duces a red shift of up to ∼40 nm in wavelength [15, 23]. The
formation of a dielectric layer around the AuNPs will also
result in a red shift of the SPR band, if the dielectric constant
of the layer is larger than that of the medium [24, 33]. In
addition, when the AuNPs aggregate and the distance between
aggregating particles become small as compared to the parti-
cle radius, the SPR band will appear at longer wavelengths
than those of the individual particles [34]. This red shifting is
generally accompanied by peak broadening and a decrease in
the intensity of the SPR bands. Therefore, the character of the
SPR peaks provides clues regarding changes in the surface
state and aggregation of AuNPs.

We monitored the SPR band in the extinction spectra as a
function of time to evaluate the formation and stability of the
adsorbate-functionalized AuNPs. To investigate the effect of
the length of the PEG groups, three series of experimental
AuNPs were studied. For each series, the size of the gold cores
was kept constant, while the PEG chain lengths of the initiator

molecules were varied. This approach provides comparison of
the relative influence of the nanoparticle core size in contrast
with that of the overlying adsorbate coating. For the extinction
studies, 1 mL of each nanoparticle solution (15 nm; ∼3×1011

particles/mL, 40 nm; ∼8×1010 particles/mL, 90 nm; ∼7×109

particles/mL) was diluted twice with distilled H2O in glass
vials. Subsequently, 0.3 mL of the adsorbate solution (HS–
NN–, 1 mM) in EtOH was added to the AuNP solutions (∼15,
40, and 90 nm gold cores in diameter), respectively, and the
mixtures were immediately agitated before recording the op-
tical spectra to ensure the homogeneity of the solution. This
process was performed for each of the different lengths of
initiator-containing adsorbates (HSPEG350, HSPEG750, and
HSPEG2000). Extinction spectra of each of the prepared gold
sols and functionalized AuNPs were collected as a function of
time. We note here that AuNPs coated with HS–NN– (but not
modified with PEG) aggregated immediately, contrasting with
the behavior of those modified with HSPEG350, HSPEG750,
and HSPEG2000 (HSPEG350-AuNPs, HSPEG750-AuNPs,
and HSPEG2000-AuNPs, respectively). Therefore, we
performed no furthers studies of the stability of the HS–NN–
modified AuNPs.

Figure 2a–c shows the optical spectra of the 15 nm gold
core nanoparticles modified with different lengths of adsor-
bates. The spectrum for the as-prepared 15-nm gold sol is also
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Fig. 2 UV–vis extinction spectra of bare and adsorbate-functionalized AuNPs with ∼15 nm gold cores as a function of increasing time in solution where
the adsorbate is a HSPEG350, b HSPEG750, and c HSPEG2000
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Fig. 3 UV–vis extinction spectra of bare and adsorbate-functionalized AuNPs with ∼40 nm gold cores as a function of increasing time in solution where
the adsorbate is a HSPEG350, b HSPEG750, and c HSPEG2000
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shown for comparison. In each case, the SPR band indicates a
gradual red shift from 524 nm for measurements made after
the adsorbates were added to the AuNP solutions, regardless
of the chain length of the adsorbate, indicating the immobili-
zation of the molecules on the surface of the AuNPs. These
observations are consistent with the formation of adsorbed
organic layers around the metal nanoparticles in solution [35].
For the 15-nm gold core AuNPs coated with the shortest PEG
chain, HSPEG350-AuNPs, the nanoparticles started aggregat-
ing in 24 h and all of them precipitated out of suspension
within 5 days. This aggregation gives rise to the dramatic
decrease in the extinction maxima in the SPR bands, as shown
in Fig. 2a. The rate of the aggregation is much slower for the
15-nm gold core nanoparticles functionalized with longer
PEG chain adsorbates when compared to the HSPEG350-
AuNPs. Interestingly, the 15-nm gold core nanoparticles with
the longest PEG chains, HSPEG2000-AuNPs, showed almost
no peak broadening or decrease in the intensity of the SPR
band, implying that these nanoparticles undergo little or no
aggregation for up to 5 days.

Differences attributable to chain length effects associated
with the PEG groups were more clearly observed with the
larger sizes of nanoparticles, as shown in Figs. 3 and 4.
Figure 3a–c shows the optical spectra of the 40-nm gold core
nanoparticles modified with different adsorbate chain lengths.
The spectrum for the as-prepared gold sol is shown for com-
parison as well. Initially, the SPR bands of the nanoparticles
red-shifted from 524 nm after the adsorbates were added to the
40-nm gold core nanoparticle solutions regardless of the chain
lengths of the adsorbates, as also occurred with the
HSPEG350-AuNPs. The rate of change for the SPR band
appears to be inversely dependent on the PEG chain length
(similar to the results obtained for the 15-nm gold core nano-
particle system), exhibiting the largest change with the
shortest PEG chain. As shown in Fig. 3a, a dramatic broad-
ening and red shifting of the SPR band to 585 nm was
observed for the 40 nm gold core HSPEG350-AuNPs. It took
only 1 h for the SPR band to shift to 585 nm, and substantial
aggregation occurred as characterized by the broadening and

decreased intensity of the SPR band. In contrast, the SPR
bands of the 40-nm gold core HSPEG750-AuNPs and
HSPEG2000-AuNPs show little or no SPR band broadening
or diminishment, suggesting that the AuNPs modified with
the longer PEG chain adsorbates undergo almost no aggrega-
tion after adsorption of these adsorbates. The 90-nm gold core
nanoparticles produced a similar red-shifting trend as shown
in Fig. 4a–c, and the AuNPs modified with HSPEG350 ag-
gregated and precipitated out of suspension within 24 h.
However, unlike the other two series, the 90-nm gold core
nanoparticles modified with the longer adsorbates showed
signs of diminished stability within 5 days.

In these studies, there was a noticeable difference in the
character of the SPR bands for the initiator-modified AuNPs
prepared from different lengths of PEG chains. Generally, the
SPR bands in the UV–vis spectra of the HSPEG350-AuNPs
were significantly broadened and red-shifted and exhibited a
decrease in intensity. The HSPEG750-AuNPs and
HSPEG2000-AuNPs on the 15 and 40 nm gold cores
exhibited little, if any, change in the UV–vis spectra as a
function of time. These observations support the notion that
steric stabilization by the PEG moieties surrounding the
AuNPs can play a key role in their resistance to aggregation.
The PEG750 adsorbate was long enough to stabilize these two
sizes of AuNPs in water for several days. Indeed, the radius of
the HSPEG750-AuNPs increased the hydrodynamic radius by
5 nm for the particles in solution, as verified by DLS mea-
surements, and this value is consistent with results reported
previously [36]. However, there are indications in the data for
the nanoparticles with 90 nm gold cores that the ability of the

a b c
E
xt
in
ct
io
n

E
xt
in
ct
io
n

E
xt
in
ct
io
n

Fig. 4 UV–vis extinction spectra of bare and adsorbate-functionalized AuNPswith ∼90 nmgold cores as a function of increasing time in solution, where
the adsorbate is a HSPEG350, b HSPEG750, and c HSPEG2000

Table 1 Summary of the colloidal stability evolution of the adsorbate-
functionalized AuNPs

HS–N=N– HSPEG350 HSPEG750 HSPEG2000

AuNP15nm unstable stable stable stable

AuNP40nm unstable unstable stable stable

AuNP90nm unstable unstable stable stable
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PEG moieties to prevent the coated AuNPs from aggregation
depends on the sterically repulsive layer being of sufficient
thickness to offset the underlying attractive van der Waals
forces between the metal cores. The overall results regarding
the stability evolution of the functionalized AuNPs are sum-
marized in Table 1. Additional data were gathered for the
HSPEG750-AuNPs, as outlined below.

Immobilization of HSPEG750 on the surface of the AuNPs

FT-IR analysis of the HSPEG750-modified AuNPs The series
of HSPEG750-AuNPs were used to confirm the presence of
the immobilized HSPEG750 on the surface of the gold
nanoparticles by FT-IR spectroscopy, as shown in Fig. 5a.
The FT-IR spectrum of pure HSPEG750 is provided for com-
parison. The IR spectra of the HSPEG750-AuNPs (regardless
of the particle size) are similar to that of pure HSPEG750,
providing evidence that HSPEG750 is indeed a part of these
composite nanoparticles. The main IR bands have been iden-
tified and characterized. The prominent peak for the –C–O–C–
bending bands associated with the PEGmoieties was observed
at 1110 cm−1 and the C=O bands of the ester and thioester
groups were found at ∼1700 cm−1 [37, 38]. The bands ob-
served at 2930 and 2864 cm−1 correspond to the antisymmetric
and symmetric stretching vibrations of the –CH2 units in the
PEG chain, respectively [39]. Although the IR spectra indicate
that the HSPEG750 molecules were successfully grafted onto
the AuNPs (noting the purification procedures for these
nanoparticles that would remove any unbound thiol), it is
difficult to determine the precise nature of the bonding between
the AuNPs and HSPEG750 with the FT-IR spectra. To deter-
mine explicitly whether the HSPEG750 molecules are physi-
cally adsorbed or chemically bound to the AuNP surface, we
collected X-ray photoelectron spectroscopy (XPS) spectra.

XPS analysis of the HSPEG750-modified AuNPs Citrate
bound to gold nanoparticles, as well as planar surfaces, can
be effectively displaced with a thiol-terminated monomer or
polymer, by simple contact of the gold surface with a solution

of these organic molecules because the covalent bond that
forms between Au and S is stronger than the interaction of Au
and citrate [21]. The nature of the Au–S bond in the composite
particles can be evaluated by examining the binding energies
of sulfur by XPS since the new bond (Au–S) influences the
distribution of electrons in the atoms of interest. In particular,
the S2p region of the XPS spectra can provide strong evidence
for bond formation between sulfur and the gold substrate. This
is because the binding energy of the S2p3/2 peak for sulfur
bound to gold is known to be ∼162 eV. In contrast, the S2p3/2
peak for unbound sulfur appears at around 164 eV in the XPS
spectra [40, 41], which is also associated with the S2p3/2 peak
of thioester [42]. Based on these precedents, we used XPS to
confirm the immobilization of the HSPEG750 on the surface
of all three AuNP gold core sizes.

XPS spectra for HSPEG750-AuNPs with gold core sizes of
∼15, 40, and 90 nm were collected, and the binding energy
(BE) scales for the organic layers on the AuNPs were
referenced by setting the Au4f7/2 BE to 83.8 eV. To illustrate
the spectra found for these nanoparticles, the XPS spectrum of
the S2p3/2 region for the HSPEG750-AuNPs with a 40-nm
gold core is shown in Fig. 5b. The presence of the covalent
bond between the HSPEG750 and the AuNPs was verified
with the S2p3/2 peak at ∼162 eV. The strong S2p3/2 signal at
∼164 eV can be rationalized either as an incomplete adsorbate
binding of the HSPEG750 or confirmation of the presence of
the thioester sulfur within the adsorbate chain. We believe the
latter case given the relative attenuation of photoelectrons and
their different positions around the modified AuNPs; bound
thiol sulfur is at the HSPEG750-AuNP interface, and the
thioester sulfur is closer to the outer surface. Attenuation in
a layered structure tends to underestimate the elements buried
deeper relative to those at the outer surface, resulting in a
much smaller XPS intensity for the buried atoms. This would
explain the smaller intensity of the S2p3/2 peak at 162 eV
associated with the bound thiol sulfur. Considering the pres-
ence of the S2p3/2 peak at 164 eV, we cannot rule out the
possibility of the presence of some unbound HSPEG750

Fig. 5 a FT-IR spectra of the
molecule HSPEG750 and the
series of HSPEG750-AuNPs. b
XPS spectra of the S2p region of
the HSPEG750-AuNPs with
40 nm gold cores
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(unbound thiols); however, we believe that the S2p3/2 peak at
164 eV is mainly from the thioester sulfur and that almost all
of the HSPEG750s are adsorbed on the surface of the AuNPs.
In order to rationalize this explanation, HSPEG750s were also
immobilized on a flat gold substrate and the S2p3/2 signal in the
XPS spectrum exhibited a similar trend as that for the
HSPEG750-AuNPs (data not shown).

Reversible aggregation/deaggregation
of HSPEG750-functionalized AuNPs

As described in the preceding section, we showed that
HSPEG750 is able to stabilize the various sizes of the
AuNPs in water. Both the aqueous solubility and the general
stability of these nanoparticles can be attributed to the exposed
PEGmoieties. However, to determine if these terminal groups
contribute to aggregation under various solution conditions,
we tested them further in a variety of environments. We found
that the HSPEG750-AuNPs were colloidally stable not only in
Milli-Q water but also in solvent-free “dried” form and could
be readily redispersed in aqueous buffer solutions (pH 4, 7,
and 10) and in nonaqueous solvents (EtOH, MeOH, THF, and
CH2Cl2) without any noticeable loss to aggregation. For the
preparation of the samples in Fig. 6b, one drop of each of the
HSPEG750-AuNPs (∼15, 40, and 90 nm gold cores) were

deposited on the glass slides and dried in air. Figure 6 provides
evidence of this phenomenon, showing HSPEG750-AuNPs
with ∼15, 40, and 90 nm gold cores (a) dispersed in aqueous
solution and (b) isolated in a solvent-free “dried” form. When
dispersed in aqueous solution, the HSPEG750-AuNPs exist as
discrete species, producing the characteristic color associated
with individual AuNPs; ruby red, purple, and brown for the
∼15, 40, and 90 nm gold cores, respectively. As the solvents
were evaporated, the nanoparticles began to aggregate, reveal-
ing the bulk metal color of the gold core, as shown in Fig. 6b.
Moreover, the isolating–redispersing process of these
nanoparticles (aggregation/deaggregation) was completely re-
versible; the HSPEG750-AuNPs failed to undergo fusion of
the metallic cores even in the solvent-free form. Irreversible
aggregation is a notorious problem for large AuNPs (>10 nm)
during preparation and purification [22, 23]. Importantly, the
dried monolayer-coated AuNPs described here could be
redispersed in a variety of solvents without any signs of
particle degradation or formation of permanent aggregates.

Along with the color changes observed by the naked eye,
the optical properties of the reversibly aggregated/deaggregated
HSPEG750-AuNPs were thoroughly investigated using UV–
vis spectroscopy. The extinction spectra of the HSPEG750-
AuNPs dispersed in aqueous solution and the nanoparticles in
the solvent-free form are shown in Fig. 6c, d, respectively. As
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Fig. 6 Photographs of the HSPEG750-AuNPs with ∼15, 40, and 90 nm diameter gold cores (from left to right): a in aqueous solution and b in solvent-
free “dried” form. Extinction spectra of the HSPEG750-AuNPs in c aqueous solution and d in solvent-free “dried” form
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described in the “Experimental section”, the measurements for
the solvent-free forms were performed on the HSPEG750-
AuNPs deposited on glass slides with unpolarized light at
normal incident. All of the samples in aqueous solution exhibit
similar features in their extinction spectra with values of λmax at
520, 530, and 600 nm (corresponding to the ∼15, 40, and
90 nm diameter gold cores), which are the characteristic values
for spherical AuNPs in aqueous solution [15]. In accordance
with the visual observations, the HSPEG750-AuNPs in the
solvent-free form show dramatically red-shifted SPR bands
with values of λmax at 650 and 750 nm, corresponding to the
∼15 and 40 nm gold cores, and accompanied with noticeable
broadening of the spectra. Additionally, the SPR band for the
90-nm gold core HSPEG750-AuNPs resulted in a broad ab-
sorption that stretches from the UV to the IR region, which is a
characteristic response expected for a continuous metal film
[15, 43]. These results might be attributed to a form of aggre-
gation where the functionalized AuNPs group in aggregate
characteristics of their size or to plasmon hybridization between
the neighboring nanoparticles. Since simple aggregations of
AuNPs in solution showed no similar dramatic red shift
(Δλ=∼120 nm) in their extinction spectra, we believe that this
phenomenon is more likely related to the latter case for our
system. The SEM and TEM images support this hypothesis
(vide infra).

Figure 7a shows a TEM image of the ∼15-nm gold core
HSPEG750-AuNPs, and Fig. 7b, c shows SEM images of the
∼40- and ∼90-nm gold core HSPEG750-AuNPs, respectively.
For the HSPEG750-AuNPs in the solvent-free form, the
nanoparticles are in close proximity at a distance determined
by the monolayer boundaries between the gold cores. The
uniformity of the distances established by the HSPEG750
adsorbates gives an average interparticle spacing of about
3 nm as estimated from the SEM and TEM images. The
resulting plasmon hybridization between neighboring individ-
ual nanoparticles in particle aggregate assemblies, produces
surface plasmon bands that are more dramatically red-shifted
[44]. These intermixed, hybridized plasmon bands disperse
strongly to lower energies, corresponding to infrared wave-
lengths of the spectrum for the larger gold cores, leading to a
red shift of the surface plasmon band of all three samples.

These observations are in agreement with a prior report, where
ordered arrays of metallic nanospheres with less than 10 nm
interparticle spacing were shown to induce strong plasmon
coupling of the arrayed nanoparticles [44]. As with the revers-
ible aggregation/deaggregation observed by the naked eye, we
found these optical properties to be completely reversible for
our system. This unique reversibility might prove useful for
chemical vapor sensing as well as for the self-assembly of
monolayer-coated AuNPs in nanoscale electronic devices
[45–47]. Further modification of the initiator molecule with
biomolecules such as antibodies, enzymes, and DNA should
provide additional applications for these nanoparticles as bio-
sensors, affording greater flexibility in the selection of both
the targeting and receptor molecules.

Conclusions

In this study, we demonstrated a successful strategy for stabi-
lizing AuNPs with thiol-based PEG-terminated free radical
initiators designed to serve as precursors in the synthesis of
polymer-coated nanoparticles and as templates for the devel-
opment of stable nanoparticle systems. One end of the
custom-designed adsorbates was modified with PEG moieties
having various chain lengths that imparted stability to nano-
particle conjugates through steric hindrance. The stability of
the composite particles was evaluated both as a function of
PEG chain length (Mn 350, 750, and 2,000) and AuNP gold
core size (∼15, 40, and 90 nm). Overall, the adsorbates with
the longest PEG chains (i.e., PEG750 and PEG2000) stabi-
lized the smaller AuNPs (∼15 and 40 nm gold cores) for up to
several days without marked aggregation or precipitation. In
contrast, these adsorbates afforded only partial stability to the
90 nm AuNPs over the duration of our analysis. Importantly,
the adsorbate-functionalized AuNPs could be isolated in
solvent-free “dried” form and redispersed in various solvents,
including buffered aqueous solutions (pH 4, 7, and 10), EtOH,
MeOH, THF, and CH2Cl2. The isolating–redispersing process
was found to be completely reversible, providing additional
evidence of the stabilizing effect of the PEG-modified initiator
molecules. The successful adsorption of the adsorbates and

50 nm

a

300 nm

b c

300 nm

Fig. 7 a TEM image of the
HSPEG750-AuNPs with ∼15 nm
gold cores in solvent-free “dried”
form and SEM images of the
HSPEG750-AuNPs with b
∼40 nm and c ∼90 nm gold cores
in solvent-free form
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the bonding of these molecules on the surfaces were further
characterized by FT-IR and XPS spectroscopy, respectively.
Notably, the method reported here can be generally applied to
other nanoparticle systems (e.g., silica core/gold shell or mag-
netic core/gold shell nanoparticles), providing enhanced ver-
satility in the nature of both the nanoparticle cores and the
polymer shells.
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