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Amine-Functionalized Polyglycidyl
Methacrylate Microsphere as a Unified
Template for the Synthesis of Gold
Nanoparticles and Single-Crystal Gold Plates

Joon Suk Oh, Luong Nguyen Dang, Sung Woon Yoon, Pyoung Chan Lee,
Dong Ouk Kim, Kwang Jin Kim, Jae Do Nam*

Polyglycidyl methacrylate (PGMA) microspheres, crosslinked and surface-functionalized by
amine, can be used as a solid-state template for the synthesis of gold (Au) crystals in the forms
of either nanoparticles (NPs) or plates. It is discovered that the polymer microsphere acts as
an internal template to cultivate Au NPs inside the micro-

sphere or an external template to generate the single-crystal
plates depending on the critical concentration (C) of gold
ions. The ion—dipole interaction and the structure-dependent
solubility of gold induce two distinct gold nanostructures in
the presence of the functionalized polymer microspheres.
The catalytic activity and long-term storage of the developed
gold nanostructures that can be easily scaled-up for mass
production through the developed novel methodology is

demonstrated.

1. Introduction

Au nanostructures have been intensively studied over the
past decade in various fields because of their fascinating
optical, electrical, magnetic, catalytic, and biochemical
properties.’ 11 Especially, numerous efforts have been
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devoted to controlling the shape and size of Au nano-
structures, whereby their physicochemical properties are
significantly changed, using various types of soft-tem-
plate systems composed of surfactants or polymeric sta-
bilizers.22-16! For instance, anisotropic structures such as
nanorods and nanoplates exhibit distinctive optical proper-
ties due to the localized surface plasmon resonance, which
makes them suitable for the surface-enhanced Raman
scattering technique.l*%1) Usually, colloidal self-assembies
of surfactants have been employed to provide a certain
structure of templates including a sphere (zero dimen-
sion), a rod (one dimension), and plate (two dimension) in
the macroscopic length scale where Au nanostructures can
grow into specific shapes.[17-21] In these methods, the soft
templates or capping agents are frail and thus sensitive to
synthesis conditions such as mechanical stirring, reaction
time, temperature, and concentration.['22% Accordingly,
difficulties are often encountered in the scaling-up produc-
tion of nanomaterials.

Once the Au nanostructures are synthesized, their
immobilization or separation is one of the key challenges
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in practical applications, because a strong and irrevers-
ible physicochemical bonding occurs among the nanos-
tructures and soft surfactants due to their extremely
high surface energy and large surface area of nanostruc-
tures.[*2224] In this sense, there still remains a great need
to develop a novel route that could facilitate handling and
long-term storage of nanostructures in a large-volume
production scale. Such a need inspired us to employ a pol-
ymer microsphere as a hard template, which is less sensi-
tive to the reaction conditions of time, temperature, con-
centration, etc. as usually required in mass production.
Furthermore, the hard-template system may very well
allow facile separation and handling of nanostructures
without raising safety issues.’!

Herein, we report the astonishing behavior of a func-
tionalized polymer microsphere template for the forma-
tion of Au crystals. Identifying the critical concentrations
of Au precursors, we direct the microsphere as an internal
template to cultivate Au NPs inside the microsphere or as
an external template to guide the Au atoms to grow into
Au plates in the direction along the Au {111} plane out-
side the microsphere. A detailed mechanism of the micro-
sphere templating is presented and the catalytic activity
and long-term storage of the developed gold nanostruc-
tures are demonstrated.

2. Experimental Section

2.1. Materials

Glycidyl methacrylate (GMA), polyvinylpyrrolidone (PVP, M, =
40 000), azobisisobutyronitrile (AIBN), methanol, ethylenedi-
amine (EDA), 4-nitrophenol (4-NP), sodium borohydride (NaBH,),
and hydrogen tetrachloroaurate trihydrate (HAuCl,. 3H,0) were
all purchased from Sigma-Aldrich Company and used without
purification.

2.2, Preparation of Polyglycidyl Methacrylate
Microspheres

The PGMA microspheres were synthesized using a dispersion
polymerization method. GMA (40 g) and PVP (8 g) were dissolved
in methanol (180 mL) and then the solution was purged with
nitrogen for 30 min. The solution was heated to 65 °C while being
stirred and an AIBN solution (pre-dissolved in 20 mL methanol)
was added to the solution. The reaction was conducted at 65 °C
for 12 h and the product was then washed several times with
methanol and DI water using centrifugation. Finally, the PGMA
microspheres were collected in powder form by freeze-drying.

2.3. Preparation of Amine-Functionalized PGMA
(PGMA-ed) Microspheres

The PGMA powders (10 g) were dispersed in a mixture of ethanol
and DI water (200 mL, 1/1; v/v) using mild sonication, and the
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suspension was then heated to 70 °C. EDA (30 mL) was added
to the suspension and the reaction was conducted for 12 h. The
product was then washed several times with methanol and DI
water to remove the impurities using centrifugation. Finally, the
product was collected through centrifugation and freeze-drying.
The resulting PGMA microspheres functionalized with EDA and
were labeled as PGMA-ed in this paper.

2.4. Gold Metallization with the PGMA-ed Microspheres

PGMA-ed powders (0.2 g) were dispersed in an aqueous gold solu-
tion at various concentrations of HAuCl, (5 x 1073 m, 10 x 1073 m,
15 x 1073 m, and 20 x 1073 m in 50 mL of DI water) with mild soni-
cation. The dispersion was heated to 90 °C with gentle stirring
and the reaction was conducted for 180 min. After the reaction,
the products were washed with water several times and collected
by centrifugation.

2.5. Catalytic Reduction of 4-Nitrophenol (4-NP)
to 4-Aminophenol

Au NPs encapsulated in PGMA-ed microspheres (0.01 g, Au:
10 pumol) were dispersed in DI water (5 mL) and mixed with 4-NP
(0.1 mmol, 15 mL) aqueous solution. Then, the aqueous solu-
tion of NaBH, (0.65 M, 3 mL) was added to the mixture and the
reduction reaction was conducted at room temperature. The ini-
tial molar ratio of Au/4-NP/NaBH4 was 1/0.15/1950. The reac-
tion mixture was sampled at a fixed interval through a 0.45 um
membrane filter. The rate constant of the reduction process was
obtained through measuring the absorbance changes at 400 nm
as a function of time.

2.6. Characterization

The morphology and elemental analysis of the sample were
characterized by field emission scanning electron microscopy
(FE-SEM, JEOL JSM 7000F) equipped with an energy dispersive
spectrometer (EDS, EDAX Pegasus with Genesis software 6.0).
An electron backscattering diffraction (EBSD, EDAX DigiView
IV detector with TSL OIM analysis software 5.31) measure-
ment was conducted on a Au plate to analyze the microstruc-
ture and the crystal orientation of it. Transmission electron
microscopy (TEM) observation was carried out using a JEOL
JEM 1010 at 60 kV. For the TEM observation, the samples were
molded with epoxy and microtomed with a diamond knife. Au
plate specimens were collected and deposited on a slide glass
and analyzed using wide-angle X-ray diffraction (XRD) (Bruker
AXS, D8 FOCUS) with Cu Ko radiation (A = 0.154 nm). The XRD
data were collected in the 26 range between 30 and 90° with
a scanning speed of 5° min™l. The absorption spectra were
recorded by UV-vis spectroscopy (Cary 5000, Varian, Inc). The
polymer microspheres were characterized using Fourier trans-
form infrared (FTIR) spectroscopy (Bruker IFS-66/S). The size dis-
tribution of samples was analyzed with Zetasizer Nano series
(Malvern). An inductively coupled plasma-mass spectrometry
(ICP-MS, Agilent 7500, Agilent Technologies Inc) measurement
was conducted to quantify the Au ions remaining in liquid
phase.
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3. Results and Discussion

A uniform-sized polymer microsphere template with
amine-functional groups was fabricated by using disper-
sion polymerization of glycidyl methacryalte and sub-
sequent amine-functionalization with EDA. Figure S1
(Supporting Information) represents the chemical struc-
tures of the PGMA and amine-modified PGMA (PGMA-
ed) microspheres (before and after the functionalization
process, respectively) and compares their FT-IR spectra,
demonstrating that most of the epoxy groups in the PGMA
microspheres react with EDA to give amine-functionalized
microspheres. The amine groups in PGMA-ed allows the
Au ions to be immobilized in the microsphere by the ion—
dipole attractive interaction between the electron pairs of
amine and Au atoms.?¢! Then, the immobilized Au ions in
the PGMA-ed microspheres can be metallized in-situ by
the thermal reduction process.

Figure 1 presents the SEM (a to d) and cross-sectional
TEM (e to h) images of samples after the metallization
process at varied concentrations (5 x 1073 m, 10 X 1073 M,
15 x 1073 M, and 20 x 1073 m) of Au sources. Ata5x 103 m
concentration, we found that Au NPs were formed mostly
inside the PGMA-ed. The SEM image (Figure 1a) shows
the smooth surface of the microspheres with no Au NPs,
while the cross-section TEM image (Figure 1e) shows Au
NPs with a diameter ranging from 3 to 20 nm distributed
densely inside the PGMA-ed (the inset shows the mag-
nified TEM image). It suggests that the majority of the
Au ions are absorbed inside the PGMA-ed microsphere
and thermally reduced in situ, which consequently pro-
vides the encapsulated Au NPs. When the metal ions are
reduced while entrapped in the hydrated polymer net-
work, the nucleated metallic seeds tend to grow larger
and produce well-dispersed NPs with sizes of 5-20 nm.
This growth is caused by the collection of the metal ions
around the nuclei until all the ions in the hydrated pol-
ymer are consumed.l?”] Since the metallization of Au ions
occurs when they are immobilized within the micro-
spheres, the amount of Au loading can be readily con-
trolled by varying the Au concentrations (0.3-3 x 1073 m).
Figure S2 (Supporting Information) displays the cross-sec-
tional TEM images in regards to various loading densities
of encapsulated Au NPs and the digital image of their sus-
pension, which confirms the gradual increases in the Au
NPs loading.

In contrast, at a 10 x 10~3 m concentration, Au NPs were
formed mostly on the surface of the PGMA-ed, which can
be found in SEM and TEM images (Figure 1b and f). At
this condition, it appears that the nucleation of Au ions
begins to occur on the surface of PGMA-ed rather than
inside, then the nucleated seeds on the surface grow
larger by consuming the Au ions around them. We pre-
sume that the nucleation sites are shifted from inside to
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Figure 1. SEM (a to d) and cross-sectional TEM (e to h) images
showing Au NPs and single-crystal Au plates produced inside or
on the surface of the PGMA-ed microspheres. Thermal metalliza-
tion was taken at various concentrations of HAuCl,; a and e at
5x103m,bandfat1ox103m cand gat15x103M,and d and
h at 20 x1073 m.

the surface region when the concentration of Au sources
exceeds the saturated concentration at which the PGMA-
ed is fully occupied with Au ions. It is strongly estimated
that the activity of the PGMA-ed surface is higher than
that of inside because the functionalization degree in the
surface is somewhat higher than that inside the micro-
sphere. It was confirmed through EDS analysis of a micro-
tomed PGMA-ed microsphere, which showed the vicinity
of the microsphere edge had slightly higher nitrogen
content than the center (Figure S3, Supporting Informa-
tion). The saturated concentration appears to be between
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5x 1073 and 10 x 1073 m of HAuCl,, which we define as the
lower C., herein that regulates the nucleation position in
the PGMA-ed.

When the concentration of Au sources increases to
15 x 1073 M, the Au NPs grow up to hundreds of nanom-
eters larger and a small portion of plate structures of Au
in several micrometers are detected together (Figure 1c,g).
When the concentration reaches 20 x 1073 m, a noticeable
structural transformation of Au crystals takes place. The
SEM image (Figure 1d) shows a large number of Au plates
(tens of micrometers in width) with PGMA-ed attached
on their basal planes. The TEM image (Figure 1h) shows
the cross-section of a Au plate with the thickness around
90 nm located between microspheres. The Au plates and
the microspheres can be easily separated thorough mild
sonication. Figure S4 (Supporting Information) illustrates
SEM images of the separated Au plates that are mostly com-
posed of triangular, truncated triangular, and hexagonal
shapes. Most of the observed plates had sharp edges and
clear, flat surfaces with no grain boundaries suggesting
that a single-crystalline structure was grown preferentially
in the direction along the Au {111} plane (see more detailed
explanation and data in Supporting Information).

It has been reported that the rapid (thermodynamically
controlled) reduction of metal ions produces spherical NPs,

PGMA=ed
1 ym

Au'shell

www.mrc-journal.de

but that their slow (kinetically controlled) reduction pro-
duces plate structures.l? In our experiments, the reduction
took less than 15 min when the concentration was below
15 x 103 m and more than 120 min above 20 x 1073 m to
achieve a conversion degree higher than 99.9%. Consid-
ering the reduction times and the structural transforma-
tion of Au crystals, a thermodynamically controlled reduc-
tion occurs below the 15 x 1073 m of Au sources while a
kinetically controlled reduction arises above the 20 x 103 m
in our experimental conditions. It indicates that there is a
certain concentration, designated as the upper C,,, between
15 x 1073 m and 20 x 10~ M of Au sources that directs the
growth rate of Au crystals, which eventually changes the
structures of Au from nanospheres into plates.

A more detailed examination was conducted to identify
the growth of the Au plates in reaction time. Figure 2a—f
displays the cross-sectional TEM images of PGMA-ed
microspheres collected at 0, 30, 60, 90, 120, and 180 min
of reaction at a 20 x 1073 m of HAuCl,. The interior of
PGMA-ed is dark in the early stage of the reaction due to
the absorbed Au ions inside. As the reaction proceeds, it
gradually turns light indicating that the Au ions diffuse
out of the PGMA-ed (Figure 2a—f). Meanwhile, those Au
ions accumulated on the microsphere surface are con-
verted to a thin Au shell with a thickness of around 25 nm

2 Aum

~--180 min

Absorbance (a.u.)

300 400 500 600
Wavelength (nm)

Figure 2. Cross-sectional TEM images of PGMA-ed microspheres at a 20 x 1073 m of HAuCl, after different thermal reduction time of (a) o,
(b) 30, (c) 60, (d) 90, (e) 120, and (f) 180 min and SEM images of the samples from the reduction time of (g) 90, (h) 120, and (i) 180 min. Au
atomic percentages of the samples above were obtained by EDS (j) and the UV-Vis absorption spectra (i) of liquid media were each collected
at different reaction times. In the UV-Vis spectra, Au represents HAuCI, solution w/o microspheres.
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(Figure 2d). The Au shell is seemingly detached from the
microsphere surface during the continuous reaction under
mechanical agitation (Figure 2e,f), which is further con-
firmed through SEM observation (Figure 2g,h) exhibiting a
thin Au shell and its fragments detached from the PGMA-
ed surface. The shell and fragments appear to gradually
grow into the Au plates up to tens of micrometers preferen-
tially in the direction along the Au {111} plane (Figure 2i).
Although not found in the TEM images, Au NPs might
be formed inside and in the vicinity of the microsphere
surface in the early stage of synthesis, but the Au atoms
are likely to migrate to form a kinetically favorable struc-
ture complying with the Gibbs-Thomson relation, where
the relative solubility of a curved solid surface (S.), e.g., a
sphere with a radius (R), to the a flat surface (Seo) can be
expressed as below!??]

In (s—) _ e (1)
S, kRT

where yis the surface tension, Q is the atomic volume, k is
the Boltzmann constant, and T is temperature. When two
different curvatures, a Au nanosphere and a Au nanoplate,
are present together, the solubility of the former is rela-
tively much higher than that of the latter, which leads to
the dissolution of the Au nanosphere and growth of the Au
nanoplate.
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As seen in Figure 2j, the atomic percentage of Au
inside the PGMA-ed constantly decreases as the reac-
tion proceeds (detailed EDS spectra is in Figure S5,
Supporting Information), which also confirms that
the Au ions are gradually diffused out of the PGMA-
ed. Figure 2k presents the UV-vis spectra of the
liquid media at the corresponding reaction time. The
peak around 320 nm, assigned to AuCl,~,[*°l abruptly
decreases immediately after the addition of PGMA-ed
into the HAuCl, solution due to the absorption of Au
ions by PGMA-ed. The peak intensity continuously
weakens and finally disappears after 90 min of reac-
tion. The results indicate that the Au ions residing
inside and outside the PGMA-ed are converted into Au
plates simultaneously and continuously.

Based on the findings, the mechanism schematically
represented in Figure 3 is proposed. As seen in Figure 3a,
when the Au ions are added to the PGMA-ed below the
lower C.,, the majority of the Au ions are absorbed inside
the microspheres due to the ion-dipole interaction
between the amine groups and Au atoms. Upon heating,
the nucleation of the Au ions begins to occur inside the
polymer network of microspheres; subsequently, the Au
ions migrate to the nuclei and grow larger until the Au
ions around the nucleated sites are consumed. Under this
condition, the PGMA-ed microsphere acts as an internal
template cultivating Au NPs inside the microsphere.

Encapsulated Au NPs
inside microsphere

AY
Au NPs

Formation of Au NPs
on microsphere surface

Growing into Au plates

Al} NPs Q\v

Cracking of Au shell

Formation of Au shell

Thermal
| . Reduction
| —

N i
Au shell Au shell

ed microspheres by adjusting the concentration of Au sources. Au NPs are formed inside the microsphere below the lower C,, (1), formed on

I Figure 3. Schematicillustration showing the formation of Au crystals with different structures generated either inside or outside the PGMA-

the surface between the lower and upper C (11), and single-crystal Au plates are grown on the surface above the upper C (11l).
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As the concentration exceeds the lower C., the tem-
plating nature of the PGMA-ed alters its function as
an external template to produce Au NPs on its surface
(Figure 3Db). It is assumed that the nucleation of Au ions
initiates on the surface of the PGMA-ed when it is fully
saturated with Au ions. Once Au nuclei are formed on its
surface, they continuously grow by consuming the Au
ions around them, which gives Au NPs with diameters
from tens to hundreds of nanometers supported on the
PGMA-ed surface.

A different reaction mechanism took place above the
upper C., of HAuCl,. Figure 3c displays the growth of Au
plates in the presence of the PGMA-ed. As with various
soft template systems used for the synthesis of metal
nanocrystals, the primary metal particles are formed at
a very early stage of the reaction in the presence of tem-
plates and the particles are self-assembled within the
templates followed by sintering in a certain direction to
become larger crystals.'721 Accordingly, we presume
that the outer surface of the PGMA-ed microsphere may
act as a monolayer template, where a thin Au shell is
formed in the early stage of the reaction and subsequently
peeled off from the surface under mechanical agitation.
Afterwards, the shell and its fractures grow into a single-
crystal Au plate preferentially in the {111} lattice plane.
As well as the templating effect, a kinetically controlled
growth of Au crystals begins to occur above the upper C,
which favorably controls the Au structures to grow into
plate structures.

Catalytic activity of the Au NPs encapsulated within
the PGMA-ed (Au/PGMA-ed) was investigated by the reac-
tion of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in
the presence of NaBH, as a reductant.?!l The progress
of the reduction reaction was observed by UV-vis spec-
troscopy (Figure 4a). As can be seen, the characteristic
peak of 4-NP at 400 nm decreases over time and com-
pletely disappears after 20 min while a peak of 4-AP at
290 nm gradually increases. Even though the Au NPs are
entrapped in the polymer matrix, they exhibits catalytic
activity. It is expected that the hydrophilic nature of the
PGMA-ed allows 4-NP to diffuse inside the Au/PGMA-ed
microspheres and contact Au NPs for the production of
4-AP. Regarding it as a pseudo-first-order reaction,l*? the
rate constant (k) can be calculated from a linear relation
of In(A,/A;) with time (t), where A; is absorbance (400 nm)
at time t, and A, is absorbance at the initial stage. Figure
4b shows the linear plot of In(A,/A;) versus the reaction
time at room temperature, giving the rate constant from
the slope as 3.8 x 1073 s71, which is comparable with other
Au NP catalytic systems.3334] After the catalytic reaction,
the Au/PGMA-ed microspheres were completely sepa-
rated from the solution by a simple filtration method. Fur-
thermore, undesired aggregations of NPs, arising during
catalytic reactions, can be effectively avoided because
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Figure 4. UV-vis absorption spectra for the catalytic reduction
of 4-nitrophenol to 4-aminophenol in aqueous media at room
temperature (a). Plot of In(A,/A;) versus time for the reduction of
4-NP (b).

they are physically isolated in a confined space within
the polymer matrix.

It is important to note that the developed Au/PGMA-ed
microspheres are mechanically hard and can be obtained
as a fine powder form through a drying process. This
option allows long-term storage of Au NPs in the daily
environment. The Au/PGMA-ed powders kept for several
months can be easily re-dispered in solvents without
aggregations, which is confirmed by the particle size dis-
tribution measurement. The distribution of Au/PGMA-ed
microspheres dispersed in water is almost similar with
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that of PGMA-ed, demonstrating the high dispersibility
of Au/PGMA-ed (Figure S6, Supporting Information). In
addition, the production quantity of the Au/PGMA-ed can
be readily scaled-up to several tens of grams with a con-
trolled loading density in the laboratory. For example in
our case, we were able to obtain 12.2 g of them in a single
batch in the forms of solution or powder (Figure S7, Sup-
porting Information). It is believed that these features,
as well as long-term storage and large-scale production,
are highly desirable for practical applications in various
fields.

4. Conclusions

Two distinct structures of Au crystals were produced in the
presence of the PGMA-ed microsphere as either an internal
or external template depending on the concentration of
Au sources. We discovered that both the lower and upper
C., of Au sources were the main key factors to ensure the
production of different structures. Below the lower C,, the
polymer microsphere acted as a microreactor for the incu-
bation of the Au NPs, in which the loading density of the
Au NPs can be readily controlled by the quantity of the Au
sources. Above the lower C,, the microsphere shifted to an
external template to form Au NPs mostly on its surface. As
the concentration exceeded the upper C., a large quantity
of single-crystalline Au plates were formed with the aid
of the PGMA-ed, where the PGMA-ed and Au plates were
easily separated through mild sonication. The Au/PGMA-
ed microspheres were able to be dried into a powder form
enabling long-term storage and exhibited catalytic activity
in converting 4-NP to 4-AP with the rate constant of 3.8 x
103571

Solid state polymer beads with controlled size and func-
tionality are highly anticipated as unified reactive tem-
plates for the synthesis of various types and structures of
metal NPs which would be very useful in a wide spectrum
of future catalytic and optoelectronic applications.

Supporting Information
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