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ABSTRACT: Noble metal nanoparticles have demonstrated
various biomedical, optical, and electronic applications owing to
their unique chemical and physical properties. However, their
gram-scale synthesis remains a challenge. We have developed a
method for the gram-scale synthesis of gold nanoparticles (AuNPs)
using acrylamide (AAm) as a solvent. AAm possesses unique
properties such as low melting temperature, high solvating power,
and high solubility of its polymer (polyacrylamide(pAAm)) in
water. The viscosity of the AAm solvent can be chemically tuned
by the polymerization of AAm and addition of a low-volatile
diluent, which can stabilize highly concentrated as-synthesized
AuNPs in gram quantities. The synthesized AuNPs are
substantially stable and catalytically active under high ionic
strength conditions owing to the pAAm protection on the particle surface. Further, the synthesis mechanism of the AuNPs has
been thoroughly investigated. The versatility of the synthesis method is proved by synthesizing other mono-(Ag and Pd) and
bimetallic (Au + Pd and Ag + Pd) nanoparticles using the AAm solvent with controlled viscosity. Importantly, the productivity of
this synthetic strategy is the highest among the previously reported gram-scale synthesis methods of AuNPs. To the best of our
knowledge, our study presents the use of acrylic monomer as a solvent for the gram-scale synthesis of noble metal nanoparticles for
the first time. This study significantly extends the list of solvents with chemically tunable viscosity by including other acrylic reagents
for nanomaterial synthesis, functionalization, and catalytic, optical, and electrical reactions under highly localized reaction conditions.

■ INTRODUCTION
Solution-phase gram-scale synthesis of noble metal nano-
particles is crucial in transferring bench-top experiments
conducted on a micro- or milliliter scale to practical and
industrial applications.1−10 However, the productivity (a
measure of synthesis efficiency in terms of reaction volume
and time as well as the mass of the final product) of
nanoparticle synthesis in the solution phase is often low. The
limited productivity in batch synthesis is mainly due to (1) the
production of nanoparticles with undesired shapes and sizes,
owing to the increase in reaction volume and consequent
changes in the nucleation and growth kinetics, and (2)
instability of nanoparticles when produced at high concen-
trations. Particularly, nanoparticles cannot electrostatically
repel each other at high concentrations and inevitably come
into contact owing to Brownian motion, resulting in
irreversible aggregation. In addition to electrostatic forces,
the steric forces cause particle stabilization according to the
extended Derjaguin−Landau−Verwey−Overbeek (DLVO)
theory. In most cases, the theory explains nanoparticle
stabilization using polymeric materials such as poly(ethylene
glycol) or poly(vinyl pyrrolidone) as physical barriers on the
nanoparticle surface.11 For protection and surface modifica-
tion, the synthesis of noble metal nanoparticles with various

surface ligands has been developed in a variety of
methods.1,10,12−16 Organic solvents are typically preferred to
maximize steric stabilization because they allow the protecting
agents to densely adhere to the nanoparticle surface owing to
their low polarity. For gram-scale synthesis, however,
developing new synthesis media possessing ideal properties is
necessary. First, the media initially must possess low viscosity,
preferably almost liquid-like properties, for the homogeneity of
the reaction mixtures at the beginning of the synthesis. Second,
the media should exhibit high solvating power to dissolve the
reactants, even at high concentrations. Third, as the nucleation
and growth of the nanoparticles occur, the media are expected
to become far more viscous, almost solid-like, owing to the
increased steric stability of the nanoparticles. Lastly, the media
should be easily removable to obtain only nanoparticles as a
product.
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Acrylamide (AAm) is a polar unsaturated amide. Its
molecular weight (71.08 g/mol) is as low as those of common
organic solvents such as butanol (74.12 g/mol), dimethylfor-
mamide (73.09 g/mol), dimethyl sulfoxide (78.13 g/mol),
hexane (86.18 g/mol), and benzene (78.11 g/mol); however,
AAm exists as a solid material at room temperature owing to its
high polarity. Although AAm is readily soluble in water and
polar organic solvents, it is also partly hydrophobic owing to its
vinyl group, which allows it to polymerize when chemically
triggered. Currently, AAm is best known as a precursor to
polyacrylamides (pAAms) that are used in various academic
and industrial applications, such as pAAm gel for electro-
phoresis and flocculation agents for water purification.17,18 In
nanoparticle synthesis, pAAm protects the nanoparticles as
surface ligands or forms a bulk hydrogel matrix to immobilize
the synthesized nanoparticles.19,20 Based on its unique
chemical and physical properties, we hypothesize that liquified
AAm (heated above its melting temperature (84.5 °C)) could
be a versatile organic solvent with high solvating power.
Importantly, employing liquified AAm in nanoparticle syn-
thesis has never been attempted. The AAm solvent can
polymerize to innately increase its viscosity during nanoparticle
synthesis, preventing the collision of nanoparticles to decrease
the probability of their irreversible aggregation. Moreover, the
resultant pAAm is readily soluble in water, allowing efficient
removal. Considering the four conditions required for the
gram-scale synthesis of nanoparticles mentioned above, AAm
could be a suitable medium because its polymerizability is
chemically controlled.

Herein, we present an AAm solvent for gram-scale, one-pot
synthesis of gold nanoparticles (AuNPs). The viscosity of the
designed solvent is easily controlled by polymerization and
diluent addition, which is attractive for stabilizing highly
concentrated AuNPs during and after synthesis. Moreover, this
strategy is highly versatile and can be applied to synthesize
other types of noble metal nanoparticles.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. Acrylamide (AAm;

Cat.# A9099), ethylene glycol (EG; Cat.# 102466), sodium
citrate tribasic (SC; Cat.# S4641), gold(III) chloride trihydrate
(HAuCl4·3H2O; Cat.# 520918), palladium(II) nitrate dihy-
drate (Cat.# 76070), silver nitrate (AgNO3; Cat.# 204390),
11-mercaptoundecanoic acid (MUA; Cat.# 450561), sodium
chloride (NaCl; Cat.# S76070), dihydroethidium (DHE; Cat.#
D7008), propionamide (CH3CH2CONH2; Cat.# 143936),
tris-EDTA buffer solution (pH 8.0, [Tris-HCl] = 1 M,
[EDTA] = 0.1 M; Cat.# T9285), 4-nitrophenol (99%, Cat.#
241326), and sodium borohydride (NaBH4; Cat.# C1629)
were purchased from Sigma-Aldrich (St. Louis, MO).
Phosphate buffer saline (PBS; 10×, pH 6.8; Cat.# LB201-
02) and minimum essential medium (MEM; 1×; Cat.#
LM007-54) were purchased from Welgene Inc. (Gyeongsan-
si, Republic of Korea). For every experiment, ultrapure water
was supplied by a Direct-Q3 system (Millipore, Billerica, MA).
For the analysis of the synthesized nanoparticles and their
synthesis reactions, a Talos F200X transmission electron
microscope (Thermo Fisher Scientific Inc., Waltham, MA),
Tecnai G2 F30 scanning electron microscope (Field Electron
and Ion Company, Hillsboro, OR), Zetasizer Nano ZS90 size
and ζ-potential analyzer (Malvern Panalytical, Malvern, UK),
Cary100 ultraviolet−visible (UV−vis) spectrophotometer
(Agilent Technologies, Santa Clara, CA), Cary Eclipse

fluorescence spectrophotometer (Agilent Technologies, Santa
Clara, CA), Cary 630 Fourier transform infrared spectrometer
(Agilent Technologies; Santa Clara, CA), 1260 Infinity II LC
System analytical high-performance liquid chromatography
(HPLC) system (Agilent Technologies, Santa Clara, CA), and
FD8508 freeze-dryer (ilShinBioBase Co., Yangju-si, Republic
of Korea) were used.

Synthesis of AuNPs in AAm Solvent. In a typical
experiment, AAm (50 mmol, 3.554 g) was liquified at 85 °C
for use as the solvent. To control the viscosity of the final
solution, EG was combined with AAm as a low-volatile diluent
at mole ratios of EG and AAm ranging from 0:5 to 5:0 (0:5,
1:4, 2:3, 3:2, 4:1, 5:0; 50 mmol in total). Subsequently,
HAuCl4 (25 μmol, 0.0098 g; 1× HAuCl4) and SC (3.5 mmol,
1.029 g; 1× SC) were dissolved in the solvent, giving a yellow
solution. The solution was heated manually using a glass rod.
As the synthesis proceeded, the viscosity of the solution
gradually increased; the color of the solution changed from
yellow to red, indicating the synthesis of AuNPs along with the
polymerization of AAm. After the color stopped changing, the
viscous solution was cooled to room temperature, combined
with water, and placed on a shaker to dissolve pAAm and the
pAAm-capped AuNPs (pAAm-AuNPs). The AuNPs were
washed via centrifugation (13,000 rpm, 20 min), and the
supernatant was removed. The AuNPs were then redispersed
in water. The washing process was repeated thrice.

Detection of Radicals Using DHE. DHE solution (300
μL, 2 mM) was added to four combinations of aqueous
solutions (2.7 mL): (1) water (blank), (2) HAuCl4, (3)
HAuCl4 and propionamide, and (4) HAuCl4 and AAm. The
final molar concentration of DHE is 200 μM, HAuCl4 1 mM,
propionamide 500 mM, and AAm 500 mM. The photo-
luminescence (PL) spectra were obtained using a Cary Eclipse
fluorescence spectrophotometer (excitation wavelength = 515
nm).

Molecular Weight Analysis of pAAm Using Gel
Permeation Chromatography (GPC). pAAm was obtained
from the supernatant collected after the first centrifugation of
the dissolved pAAm-AuNPs. After the supernatant was filtered
using 0.45 μm nylon filters to remove any solid impurities, the
aqueous pAAm was buffered to pH 7. The GPC data for
pAAm were obtained using an analytical HPLC system (1260
Infinity II LC System) at a rate of 1 mL/min at 40 °C.

Synthesis of Ag, Pd, Au + Pd, and Ag + Pd
Nanoparticles in AAm Solvent. The synthesis of mono-
(Ag and Pd) and bimetallic (Au + Pd and Ag + Pd)
nanoparticles was similar to that of pAAm-AuNPs. EG (30
mmol, 1.802 g) and SC (3.5 mmol, 1.029 g) were dissolved in
AAm (20 mmol, 1.422 g) at 85 °C. The types and
combinations of metal precursors investigated in this study
are listed in Table S1 (Supporting Information). Subsequently,
the metal precursors were dissolved in the solution, which was
heated while stirring using a glass rod. The viscosity of the
heated solutions gradually increased, and color changes were
observed in each solution, as shown in Table S1 (Supporting
Information). After the color change, the resultant mixtures
were cooled to 25 °C. The mixtures were then dissolved in
water (30 mL) to obtain nanoparticles. The nanoparticles were
washed by centrifugation (13,000 rpm, 20 min), and the
supernatant was removed. The nanoparticles were then
redispersed in water. The washing process was repeated thrice.

Synthesis of Citrate-Capped AuNPs (SC-AuNPs). SC-
AuNPs were synthesized based on the Turkevich−Frens
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method.21 First, 49 mL of water was boiled in an Erlenmeyer
flask. The HAuCl4 (1 mL, 12.7 mM) and SC (0.94 mL, 38.8
mM) solutions were then rapidly injected into boiling water
with stirring. After 5 min, the color of the aqueous solution
changed from yellow to red, indicating the successful SC-
AuNP synthesis. The SC-AuNP solution was cooled to 25 °C.
Pure SC-AuNPs were obtained by centrifugation at 13,000
rpm for 20 min, supernatant removal, and redispersion in
water. This process was repeated thrice.

MUA-Functionalization of SC-AuNPs and pAAm-
AuNPs. MUA was added to each of the SC-AuNP and
pAAm-AuNP solutions buffered with tris-EDTA buffer (pH
8.0, [Tris-HCl] = 100 mM, [EDTA] = 10 mM, [MUA] = 0.5
mM, and [AuNP] = 1 nM each). After incubation for 2 h at 25
°C, tris-HCl, EDTA, and unreacted MUA were removed by
centrifugation (13,000 rpm, 20 min). The supernatant was
removed, and the AuNPs were redispersed in water. The
washing process was repeated thrice.

Catalytic Reaction Using the SC-AuNPs and pAAm-
AuNPs. A 4-nitrophenol solution (100 μL, 4 mM) and a
NaBH4 solution (500 μL, 80 mM) were mixed with water (300
μL). To this mixture solution, either the SC- or pAAm-AuNP
solution (100 μL, 1 nM) was injected. After 15 min, the
solution was centrifuged to spin down the AuNPs (13,000
rpm, 15 min). The absorbance of the supernatant was
measured using UV−vis spectroscopy. The AuNPs were
collected and mixed with freshly prepared 4-nitrophenol and
NaBH4 mixture solutions for another catalytic reaction. The
entire catalytic reaction procedure was repeated five times.

Gram-Scale Synthesis of pAAm-AuNPs Using AAm
Solvent. The gram-scale synthesis of AuNPs was similar to
the regular-scale synthesis of AuNPs (see above). AAm (635.2
mmol, 45.15 g) was liquified at 85 °C in a 1 L glass beaker for
use as a solvent. EG (952.8 mmol, 57.23 g), SC (11.12 mmol,
3.27 g), and HAuCl4 (7.94 mmol as in HAuCl4·3H2O, 3.127
g) were dissolved in the solvent using a glass rod. The final
volume of the reaction mixture was ∼100 mL. The solution
was heated manually while stirring with a glass rod. After the
synthesis was completed, the produced AuNPs were collected
in an aqueous solution using the methods used for the regular-
scale synthesis of AuNPs, including water dissolution and
centrifugation. Finally, the AuNPs were obtained as a dry
powder via lyophilization.

■ RESULTS AND DISCUSSION
AAm was used as a solvent because of its polymerizable
property and low melting temperature (84.5 °C). At the
beginning of the synthesis (Scheme 1), solid AAm is liquified
at 85 °C (Figure 1a), to which sodium citrate (SC) and
HAuCl4 were added and dissolved. After 5 min, its color
turned dark red, indicating AuNP synthesis. The consequent
color change is due to the localized surface plasmon resonance
(LSPR) in the AuNPs. Meanwhile, the viscosity of the solution
gradually increased owing to the polymerization of AAm into
polyacrylamide (pAAm). Although pAAm is known to be
soluble in water, the dissolution of the resultant AuNP-
embedded pAAm solid mixture in water was limited even after
several days of stirring, probably because of the highly complex
entanglement of the pAAm chains. To dissolve the AuNP-
embedded pAAm solid block in water, we prepared a series of
synthetic mixtures composed of the same reagents and added
ethylene glycol (EG) at different mole ratios with AAm. EG
acts as a low-volatile diluent that neither vaporizes at higher

temperatures nor participates in the polymerization of AAm.
EG was expected to decrease the degree of polymerization,
leading to the enhanced water solubility of the resultant
pAAm.22 The mole ratio of EG to AAm was adjusted from 0:5
to 5:0 (50 mmol in total). As shown in Figure 1b, the products
became less viscous as the amount of EG increased. In the
absence of AAm (EG/AAm = 5:0), the product exhibited
increased scattering, indicating the formation of large Au
particle aggregates. This result implied that AAm is essential
for stabilizing the AuNPs. To investigate the LSPR properties
of the synthesized AuNPs as a function of the mole ratio of EG
to AAm, we obtained and analyzed the UV−vis spectra of the
AuNPs (Figure 1c,d). Interestingly, the wavelength at which
the maximum extinction is observed (λmax) remained almost
the same at 524 nm, indicating that the size of the AuNPs was
almost the same regardless of the mole ratio of EG to AAm,
except EG/AAm = 5:0. However, unlike λmax, the extinction of
AuNPs at λmax gradually increases as the EG mole ratio
increases until EG/AAm = 3:2. When the proportion of EG is
too large (EG/AAm = 4:1 and 5:0), the extinction of the
AuNPs decreases, probably owing to insufficient protection of
the AuNPs by either too short AAm or no AAm. The resulting
uniformity of the spherical AuNPs, regardless of the mole ratio
of EG and AAm, was further confirmed using transmission
electron microscopy (TEM) (Figures 1e and S1, Supporting
Information).

We analyzed the detailed synthesis mechanism of the AuNPs
during AAm polymerization. Considering that the polymer-
ization was initiated even without any added initiator, we
expected that certain radical species would be generated by the
reaction of HAuCl4 and AAm. We monitored their generation
during the reaction using DHE. DHE is oxidized by radical
species to luminesce 2-hydroxyethidium, whose photolumi-
nescence (PL) can be measured to quantify the radical species.
We first characterized the PL of the mixture consisting of
DHE, HAuCl4, and AAm. The mixture exhibited strong
emission at 620 nm (Figure 2a). This optical observation
indicates that the polymerization of AAm was most likely
initiated by the radical species generated by the reaction of
HAuCl4 and AAm. In contrast, HAuCl4 without AAm did not
result in any noticeable increase in the PL. Moreover, the

Scheme 1. Schematic of the Gold Nanoparticle (AuNP)
Synthesis Using an Acrylamide (AAm) Solventa

aThe three precursors (EG, SC, and HAuCl4) are dissolved in the
AAm solvent at 85 °C. As the reaction proceeds, Au3+ is reduced to
the AuNPs during the polymerization of AAm. The AuNPs are
collected by centrifugation after the AuNP-embedded pAAm
composite is dissolved in water.
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combination of HAuCl4 and propionamide, an analogue of
AAm, except for the absence of C�C, did not increase the PL.
This observation indicates that the C�C double bond of AAm
is the key chemical structure for radical formation. Once the
polymerization began, its propagation proceeded very rapidly,
terminating the synthesis in 5 min. The polymerization is
exothermic and can accelerate (Figure 2b).23 We also
investigated the role of SC as a reductant in the synthesis of
AuNPs by conducting the synthesis in the absence of SC. The
UV−vis spectrum of the AuNPs exhibited a distinct absorption
plasmon band at 530 nm owing to the LSPR of the AuNPs,

with a broad shoulder around 650 nm, indicating partial
aggregation of the AuNPs (Figure 2c). This result indicates
that AAm and EG, in addition to SC, could also be responsible
for reducing Au3+.24 However, the consumption of AAm as a
reductant, in combination with the absence of SC, led to
insufficient protection of the AuNPs and, consequently,
irreversible aggregation of AuNPs. The reduction of Au3+

occurred even without EG and SC; however, the final product
was less soluble in water, as shown in Figure 1b (EG/AAm =
0:5 in the presence of SC), resulting in the recovery of only a
limited amount of AuNPs. Optical analysis of the AuNPs was

Figure 1. (a) Photograph showing AAm at 25 and 85 °C. (b) Photographs showing side and top views of the resultant product mixtures composed
of ethylene glycol (EG) and AAm with mole ratios from 0:5 to 5:0 (50 mmol in total) and a photograph of the solutions containing the AuNPs
obtained from each reaction batch. (c) UV−vis spectra of the AuNPs obtained from each reaction batch. (d) Plots showing the wavelength at
which the maximum extinction was observed (λmax) (black) and the extinction at λmax (red) of the AuNPs. (e) Transmission electron microscopy
(TEM) images of the AuNPs synthesized in the mixtures whose mole ratios of EG and AAm were 0:5, 1:4, 2:3, 3:2, and 4:1. The scale bar is 50 nm.

Figure 2. (a) Photoluminescence (PL) spectra of 2-hydroxyethidium that results from the reaction of dihydroethidium (DHE) with HAuCl4 and
AAm. HAuCl4 and propionamide (PAm), HAuCl4 only, and water (Blank) were also evaluated as controls. (b) Temperature profiles of the
mixtures composed of EG, AAm, and SC with or without HAuCl4 were obtained as a function of the reaction time. (c) UV−vis spectra of the
AuNPs synthesized without SC in an AAm solution or an EG and AAm mixture solution (EG/AAm = 3:2). TEM images of the AuNPs synthesized
in the mixtures composed of AAm and HAuCl4 in the (d) presence and (e) absence of EG. The scale bar is 100 nm. (f) FT-IR spectra of the
pAAm-AuNPs (EG/AAm = 3:2; 50 mmol in total) and AAm monomer show the presence of pAAm on the AuNP surface. (g) ζ-potential
measurement of the AuNPs synthesized in the mixtures composed of EG, AAm, and HAuCl4 with or without SC (pAAm-AuNP (SC O) and
pAAm-AuNP (SC X)).
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further correlated with electron microscopy observations of the
synthesized AuNPs. Even in the absence of SC, the AuNPs
synthesized in the mixture containing EG are uniform (40 nm
in diameter; Figure 2d), while those without EG are highly
polydispersed (10−70 nm in diameter; Figure 2e). This
difference in uniformity is probably due to the reduction
mechanisms, which depend on the reduction power of the
reductants. In the presence of both EG and AAm, relatively
monodisperse AuNPs could be synthesized because the more
reductive agent primarily causes rapid nucleation, and the
other less reductive agent slowly grows them (Figure 2d). The
principle of this synthesis has been similarly demonstrated in
the synthesis of uniform silver nanoparticles (AgNPs).25 When
only AAm was used for the synthesis without EG and SC,
however, nucleation occurred slowly and sporadically, resulting
in highly polydisperse AuNPs (Figure 2e). These results
demonstrate that pAAm (as a primary protecting ligand)
stabilizes high concentrations of AuNPs (pAAm-capped
AuNPs; pAAm-AuNPs), while SC plays a role as a co-ligand
along with pAAm. To identify the existence of pAAm on the
AuNP surface, we obtained the Fourier transform infrared
(FT-IR) spectrum of the pAAm-AuNPs and compared it with
that of AAm (Figure 2f). Both the FT-IR spectra of the pAAm-
AuNPs and AAm show absorption bands attributed to the
asymmetric and symmetric N−H stretching bands of NH2
(3331 and 3183 cm−1, respectively) and characteristic peaks
assigned to C�O stretching (1661 cm−1) and N−H bending
(1606 cm−1) of the amide group.26 In contrast, an absorption
band of vibration of H in C�C−H (984 cm−1) of AAm is not
observed with the pAAm-AuNPs that show an absorption band
at 2929 cm−1 for the asymmetric stretching of C−H in C−H2.
The similarity and difference of the two FT-IR spectra indicate
that a polymerized form of AAm (pAAm) exists on the surface
of the AuNP.27 Furthermore, the larger negative ζ-potential
(−7.5 mV) of the pAAm-AuNPs synthesized with SC implies
the presence of SC on the surface in comparison with that of
the pAAm-AuNPs synthesized without SC (−0.1 mV) (Figure
2g).

To investigate the chemical role of EG as a diluent, we
obtained gel permeation chromatograms of the generated
polymers and investigated the correlation between the weight-
average molecular weight (Mw) and the mole ratio of EG
(Figure 3). Because the generated polymers were not
completely dissolved in water when the mole ratios of EG to
AAm were 0:5 and 1:4, only the polymers generated when the
mole ratios of EG to AAm were 2:3, 3:2, and 4:1 were analyzed
after the removal of the pAAm-AuNPs by centrifugation. The
gel permeation chromatograms of the three types of polymers
exhibited a bimodal distribution; the first band indicates
polymers in an Mw range of 104−105 g mol−1, and the second
band around Mw ∼2200 g mol−1 (Figure 3a). The presence of
much smaller polymers is due to the partial chemical
quenching by SC as a radical scavenger during polymer-
ization.28 We further analyzed the changes in Mws in response
to the proportion of EG (Figure 3b). Interestingly, the Mws of
both the first and second bands decreased as the mole ratio of
EG increased, indicating that the polymerization of AAm was
inhibited owing to dilution by EG.

To analyze the effect of the amount of HAuCl4 on pAAm-
AuNPs, we prepared HAuCl4 in various amounts (0.1×, 1×,
10×, and 100×; 1× = 25 μmol), each combined with EG and
AAm (EG/AAm = 3:2; 50 mmol in total) and SC (1× = 3.5
mmol), for AuNP synthesis. The optical properties of the

pAAm-AuNPs were analyzed using UV−vis spectroscopy
(Figure 4a). When a large amount of HAuCl4 was used
(100×), a broad plasmon absorption band (λmax = 555 nm)
was observed owing to the scattering of large pAAm-AuNPs, in
good agreement with the opaque brown color of the aqueous

Figure 3. (a) Gel permeation chromatograms of pAAm obtained from
the mixtures of EG and AAm with mole ratios 2:3, 3:2, and 4:1. (b)
Plots showing the changes of the large and small Mw gel permeation
chromatograms with varying EG-to-AAm mole ratios.

Figure 4. (a) UV−vis spectra of the pAAm-AuNPs as a function of
the amount of HAuCl4. (b) Scanning electron microscopy (SEM)
image of the pAAm-AuNPs synthesized with 100× HAuCl4 and TEM
images of the pAAm-AuNPs synthesized with 10×, 1×, and 0.1×
HAuCl4 (1× = 25 μmol). The scale bars are 1 μm in the SEM image
and 100 nm in the TEM images. The spectrum corresponding to 0.1×
HAuCl4 was 15 times as enhanced as the extinction of the original
one.
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solution (Figure 4a, inset). As the amount of HAuCl4
decreased to 10× and 1×, strong LSPR properties of pAAm-
AuNPs were observed, as evidenced by the distinctive plasmon
absorption bands (λmax = 534 and 524 nm for 10× and 1×
HAuCl4, respectively). Although the maximum extinctions
were different owing to the different amounts of HAuCl4, the
spectral observations were in good agreement with the color of
their aqueous solutions (Figure 4a, inset). However, when
0.1× HAuCl4 was used, the UV−vis spectrum was broad,
indicating nonuniform AuNPs. To understand the correlation
between the optical and structural properties of the pAAm-
AuNPs, we analyzed their morphology using scanning electron
microscopy (SEM) and TEM. As shown in Figure 4b, the
pAAm-AuNPs synthesized with 100× HAuCl4 are several
hundred nanometers in size, whereas those with 10× and 1×
HAuCl4 are 20 and 15 nm in diameter, respectively, suitable
for exhibiting LSPR properties. In the nucleation-growth
mechanism, the number of initially generated nuclei at 100×
HAuCl4 decreased as the mole ratio of SC to HAuCl4
significantly decreased, essentially resulting in large pAAm-
AuNPs.29 At 0.1× HAuCl4, however, nonuniform pAAm-
AuNPs with irregular shapes were obtained, probably as a
result of the dominance of kinetics over thermodynamics
owing to the too-high reducing power of SC. Indeed, the mole
ratio of SC to 0.1× HAuCl4 increased 1000 times in
comparison with its ratio to 100× HAuCl4.

30

To investigate the effect of the amount of SC on the
morphology of pAAm-AuNPs, we prepared mixtures com-
posed of EG, AAm, HAuCl4, and SC for synthesizing pAAm-
AuNPs. The amounts of EG, AAm, and HAuCl4 were constant
(EG/AAm = 3:2, 50 mmol in total; HAuCl4 10× = 250 μmol),
but the amount of SC varied from 15× to 0× (1× = 3.5
mmol). We first analyzed the optical properties of the pAAm-
AuNPs using UV−vis spectroscopy (Figure 5a). Distinct
plasmon absorption bands were observed, whose broadness
and λmax increased as the amount of SC decreased, indicating a
correlation between SC and the resultant pAAm-AuNPs.
Specifically, as the amount of SC decreased from 15× to 0×,
λmax increased from 532 to approximately 650 nm, suggesting
an overall increase in the diameter of the pAAm-AuNPs. The
morphology of the pAAm-AuNPs was observed and analyzed
using TEM (Figure 5b,c). As the amount of SC decreased from
15× to 1×, the pAAm-AuNPs became relatively uniform and
slightly increased from 17 to 25 nm. Based on the nucleation-
growth mechanism, this increase in AuNP diameter is
attributed to the decreased number of nuclei at the initial
stage of synthesis owing to the decreased reducing power.29

Eventually, the diameter of the pAAm-AuNPs significantly
increased to ∼90 nm on average in the absence of SC (0×).
Moreover, the slow and progressive nucleation due to the
absence of reductive SC resulted in a mixture of nonuniform
AuNPs.

In addition to AuNPs, we investigated the versatility of this
synthetic system for other noble metals, such as Ag, Pd, Au +
Pd, and Ag + Pd. As expected, the AgNPs, palladium
nanoparticles (PdNPs), and Au + Pd and Ag + Pd bimetallic
nanoparticles (Au + PdNPs and Ag + PdNPs) were easily
synthesized under representative synthetic conditions (EG/
AAm = 3:2, 50 mmol in total; 1× SC; 0.2× Ag, 0.2× Pd, 0.5×
Au + 0.5× Pd, or 0.5× Ag + 0.5× Pd) using AgNO3,
Pd(NO3)2, and HAuCl4 as metallic precursors. The colors of
the AgNP, PdNP, Au+PdNP, and Ag + PdNP solutions were
yellow, dark gray, gray, and brown, respectively, owing to

LSPR (mostly of AgNPs) and scattering. UV−vis spectra of
AgNPs, PdNPs, Au + PdNPs, and Ag + PdNPs were obtained
(Figure 6a) to analyze the optical properties of the nano-
particles precisely. As expected from the solution colors, the
AgNPs exhibited a strong plasmon absorption band at 405 nm,
whereas the UV−vis spectra of the PdNPs, Au + PdNPs, and
Ag + PdNPs were almost flat. We also observed the structures
of the synthesized AgNPs, PdNPs, Au + PdNPs, and Ag +
PdNPs using TEM (Figure 6b). The four types of nano-
particles were mainly quasi-spherical and 20, 5, 10, and 10 nm
in diameter. We analyzed the elemental composition of the Au
+ Pd and Ag + PdNPs using energy-dispersive X-ray
spectroscopy (EDS) (Figure S2, Supporting Information).
The atomic proportions of the two elements (Au and Pd of Au
+ PdNPs and Ag and Pd of Ag + PdNPs) in each bimetallic
nanoparticle were both almost 1:1, owing to the similar
reduction potential of the metal precursors (E° of AuCl4− =
1.002 V; E° of Pd2+ = 0.951 V; E° of Ag+ = 0.7996 V).31

After synthesizing pAAm-AuNPs with 10× HAuCl4 and 1×
SC, we investigated their stability against high ionic strength
using NaCl. We conclude that pAAm-AuNPs were stabilized
by pAAm and SC, following the synthetic mechanism
discussed in Figure 2. To examine how strongly the surface
ligands protect the pAAm-AuNPs, we incubated the pAAm-
AuNPs with high salt concentrations (1, 2, and 2.5 M NaCl).
Even after three days, the UV−vis spectra and solution colors
of the pAAm-AuNPs did not change (Figure 7a), indicating
excellent colloidal stability of the pAAm-AuNPs against high

Figure 5. (a) UV−vis spectra and (b) TEM images of the pAAm-
AuNPs synthesized with 15×, 5×, 1×, and 0× SC (1× = 3.5 mmol).
All scale bars are 100 nm. (c) Plot showing the diameter of the
pAAm-AuNPs as a function of the amount of SC. Except for the
amount of SC, the synthetic conditions were the same as those of the
mixtures shown in Figure 4, in which the amount of HAuCl4 was 10×.
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ionic strength. In addition, the stability of the pAAm-AuNPs in
biological media was also investigated by the incubation in
phosphate buffer saline (0.8×), and minimum essential
medium (0.8×) at room temperature. Even after 3 days, the
UV−vis spectra and solution colors of the pAAm-AuNPs did

not change, indicative of the high stability of the pAAm-AuNPs
in biological media (Figure S3, Supporting Information). This
stability implies strong binding of pAAm to the surface of
AuNPs, which was examined using 11-mercaptoundecanoic
acid (MUA). MUA is known for its high binding affinity to
AuNPs owing to the thiol group.32 We examined how strongly
pAAm was bound to the surface of the pAAm-AuNPs by
monitoring the zeta potential of the SC-AuNPs and pAAm-
AuNPs after their incubation with MUA. In Figure 7b, the SC-
AuNPs, after incubation with MUA, still exhibited a strong
negative charge (−36.9 mV) and showed a sharper and more
distinct zeta-potential distribution than that of the SC-AuNPs,
indicating that unevenly distributed SC ligands on the SC-
AuNPs were thoroughly exchanged with MUA. The surface
charge of pAAm-AuNPs after incubation with MUA became
more negative (−12.6 mV) than that before incubation with
MUA (−7.5 mV) (Figure 2g). This minor change indicates
that the pAAm ligands seemed to be rarely exchanged with
MUA and that only a small amount of SC on the pAAm-AuNP
surface was exchanged with MUA (Figure 7c). This result
demonstrates that pAAm has a higher binding affinity than the
thiol group, possibly because of the polymeric nature of pAAm.
We further prepared a proposed synthesis mechanism in
consideration of the size, stability, and surface charge of the
pAAm-AuNPs in association with the polymerization of AAm
in Scheme 2.

The catalytic activity of the pAAm-AuNPs was evaluated for
the reduction of 4-nitrophenol to 4-aminophenol. This
catalytic reaction is not only valuable for the removal of
pollutant 4-nitrophenol but it also plays a role as an indicator
to demonstrate the status of the surface protection and
exposure. As expected, the absorption band (λmax = 400 nm) of
4-nitrophenol was observed to shift from 400 to 300 nm with
the color change from yellow to colorless, indicative of its
catalytic reduction to 4-aminophenol owing to the catalytic
surface of the pAAm-AuNPs (Figure 8a). This reaction was
similarly observed with the SC-AuNPs. As the AuNPs were
repeatedly reused as catalysts for the same reaction with newly
prepared 4-nitrophenol solutions; however, the catalytic
properties of the two types of AuNPs differed significantly.

Figure 6. (a) UV−vis spectra of the AgNPs, PdNPs, and Au + Pd and
Ag + Pd bimetallic nanoparticles (Au + PdNPs and Ag + PdNPs)
synthesized in a mixture of EG and AAm. Photographs of the AgNP,
PdNP, Au + PdNP, and Ag + PdNP solutions are shown in the inset.
(b) TEM images of the AgNPs, PdNPs, Au + PdNPs, and Ag +
PdNPs. All scale bars are 50 nm.

Figure 7. (a) UV−vis spectra of the pAAm-AuNPs incubated with
NaCl at various concentrations (0, 1, 2, and 2.5 M) for 3 days. The
UV−vis spectra were completely overlapped owing to the stability of
the pAAm-AuNPs. For easier identification, the spectra of the pAAm-
AuNPs after incubation with 1, 2, and 2.5 M of NaCl were
intentionally shifted by increasing an extinction as much as 0.05, 0.1,
and 0.15, respectively. A photograph of the pAAm-AuNP solutions is
shown in the inset. (b) ζ-potential measurement of the as-synthesized
SC-AuNPs and the SC-AuNPs and pAAm-AuNPs after incubation
with 11-mercaptoundecanoic acid (MUA). (c) Schematic illustrations
depicting the SC-AuNPs and pAAm-AuNPs before and after
incubation with MUA.

Scheme 2. Proposed Synthesis Mechanism of the pAAm-
AuNPs
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The reduction of 4-nitrophenol was almost complete with the
fresh SC-AuNPs, which almost did not occur with the SC-
AuNPs that were repeatedly used five times (Figure 8b). The
UV−vis spectra of the 4-nitrophenol solutions after each
catalytic reduction cycle are shown in Figure S4 (Supporting
Information). This deactivation was caused by the irreversible
aggregation of the SC-AuNPs under highly reductive and high
ionic strength conditions and, consequently, the decreased
surface area. Unlike the insufficiently protected SC-AuNPs,
however, the pAAm-AuNPs exhibited excellent catalytic
activity until the fifth cycle, with a decrease of the reaction
progress to 75%. The chemical stability of the pAAm-AuNPs is
attributed to the sufficient protection of their surfaces by
pAAm, whose presence was proved by the FT-IR spectra
(Figure 2f). Considering that balancing the surface coverage
for protection and the surface exposure for catalysis is an
ongoing issue with heterogeneous catalysts, particularly
nanoparticles, our approach to synthesize the pAAm-AuNPs
could be a solution to address this concern.

The synthetic method presented in this study includes
polymerization of the solvent and its concomitant viscosity
controlled by EG during the synthesis. We recently reported
that such solvent polymerization could stabilize highly
concentrated AuNPs during their synthesis, increasing the
possibility of achieving a gram-scale synthesis of the AuNPs
using the method presented in this study.9 For the gram-scale
synthesis of the pAAm-AuNPs, the reaction scale was increased
over 30 times. The UV−vis spectrum of the as-synthesized
pAAm-AuNPs (Figure 9a) was very similar to that of AuNPs
synthesized in a small batch (Figure 4), indicating their similar
structural and optical properties. Moreover, the lyophilized
pAAm-AuNP dry powder readily dissolved in water, and its
UV−vis spectrum was similar to that of the as-synthesized
pAAm-AuNPs. As expected from the UV−vis spectrum, TEM
analysis revealed that the diameter of the spherical AuNPs was
approximately 20 nm (Figure 9b), similar to that of the AuNPs
obtained from the small-batch synthesis (Figure 4). Impor-
tantly, the final mass of the AuNPs produced from a single
large-batch synthesis was 1.4734 g (yield: > 94%), with
reaction volume and time of 91.5 mL and 5 min, respectively
(Figure 9c). According to the concept of productivity that
describes the efficiency of the synthesis considering the mass of
the synthesized AuNPs per given synthesis reaction volume
during a given reaction time in g h−1 L−1, the gram-scale

synthesis in this study is the most efficient (productivity =
193.23 g h−1 L−1) among the gram-scale AuNP synthesis
methods reported to date (Table S2, Supporting Informa-
tion).1−10

■ CONCLUSIONS
We developed a new method of solution-based gram-scale
synthesis of nanoparticles using liquefied AAm as a solvent.
Despite its carcinogenicity and flammability, AAm was chosen
because of its unique properties, such as a low melting
temperature, high solvating power for metal precursors and
reductants, and high miscibility in water for its removal. In
addition, the exothermic polymerization of AAm resulted in
the rapid synthesis of the nanoparticles in 5 min. Importantly,
this study is the first to demonstrate an acrylic monomer as a
solvent for synthesizing noble metal (Au, Ag, Pd, Ag + Pd, and
Au + Pd) nanoparticles, unlike previous studies in which
nanoparticles were synthesized with aqueous acrylic monomers
for surface protection or within acrylic-based hydrogels for
post-synthetic immobilization.33,34 We further developed a
method to control the viscosity of the AAm solvent by its
polymerization and diluent addition, crucial for the gram-scale
synthesis of the AuNPs with, to the best of our knowledge, the
highest productivity. This approach could potentially be
extended to the gram-scale synthesis of anisotropic nano-
particles using shape-directing agents in the initial mixture.
Moreover, more polymerizable solvent systems need to be
developed using new monomers and applicable reactions, such
as condensation, ring-opening, and free radical/cationic/
anionic addition, for the gram-scale synthesis of nanoparticles.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c05813.

Diameter distribution of Au nanoparticles; energy-
dispersive X-ray spectra; UV−vis spectra of Au nano-
particles in various media; catalytic properties of Au
nanoparticles; atomic proportion of the bimetallic (Au +

Figure 8. (a) UV−vis spectra of 4-nitrophenol solutions before and
after the catalytic reduction using the SC-AuNPs and pAAm-AuNPs.
The distinctive absorption band of 4-nitrophenol at 400 nm shifted to
300 nm after the reaction, indicative of its successful catalytic
reduction to 4-aminophenol. The solution color changes are shown in
the inset. (b) Reaction progress of each catalytic reduction cycle using
the repeatedly used SC-AuNPs and pAAm-AuNPs as catalysts. The
reaction progress was measured using the absorbance changes at 400
nm for five cycles.

Figure 9. (a) UV−vis spectra of the as-synthesized pAAm-AuNPs (as-
syn) and dissolved pAAm-AuNPs after lyophilization (dry). The two
UV−vis spectra were almost overlapped and were intentionally shifted
along the y-axis (extinction) for easier identification. (b) TEM image
of the pAAm-AuNPs synthesized in gram scale. The scale bar is 50
nm. (c) Photograph showing the dry pAAm-AuNP powder and its
mass (1.4734 g) from an electronic balance.
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