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Size-controlled gold nanoparticles inside polyacrylamide microgels
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ABSTRACT: Gold nanoparticles (AuNPs) of different sizes were synthesized into a crosslinked network of polyacrylamide (PAAm)
microgels. PAAm was prepared by means of semicontinuous inverse heterophase polymerization under monomer-starving conditions
with a z-average particle size of 384 + 18 nm. AuNPs with controlled size were obtained by a reduction reaction of Au™> to Au’ from
a gold(III) chloride trihydrate (HAuCly) solution inside microgel the crosslinked network (AuNP-PAAm). The reduction reaction was
verified for 2 h by ultraviolet—visible spectroscopy (UV—vis). AuNP-PAAm exhibited a particle size between 288 = 12 and 230 * 15nm
at HAuCl, concentrations of 0.4 and 1.3 mM, respectively. The AuNP—PAAms were observed by transmission electron microscopy,
and their sizes were determined to be 19 = 2nm (1.3mM) and 17 = 2nm (1.1 mM). With UV-vis spectroscopy, we detected the for-
mation of AuNPs at a wavelength of 552 nm, and with X-ray diffraction analysis, we proved that the crystal arrangement was face-

centered cubic. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43560.
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INTRODUCTION

The physical and chemical properties of many materials depend
on their particle sizes. When the size can be controlled, innova-
tive and compelling applications can be obtained. Many applica-
tions have been found in different areas, including particle size
in catalysis,"” chemical separations,® sensors,”™"" medical appli-
cations,'*™"> and electrical conductivity.'®

There are several methods for synthesizing gold nanoparticles
(AuNPs) with reducing agents. A common method is the use of
solvable surfactants, that is, cetyltrimethylammonium salts, and
sodium bis(2-ethylhexyl) sulfosuccinate in water to form
micelles.'”2° Another method is the Turkevich method, which
uses sodium citrate as a reducing agent at a high pH and tem-
perature in a gold(Ill) chloride trihydrate (HAuCly) solution,
where the nanoparticle size depends on the citrate/HAuCl, rela-
tionship.'** Brust et al.”®> synthesized thiol-derivatized AuNPs

in a two-phase liquid-liquid system, where the particles were
grown in two-phases; this allowed a surface reaction to take
place during metal nucleation and growth. Amine groups pos-
sess high potential for metal reduction and oxidation. Newman
and Blanchard®® used amines as reducing agents for the forma-
tion of AuNPs. Kumar et al?’ investigated the interaction
between surface-bonded alkyl amines and AuNPs. They reported
two different ways of binding the amine molecules to the
AuNPs: (1) a weakly electrostatic complex bonding involving
protonated amine molecules and (2) AuNP interaction with
surface-bound chloroaurate ions, where AuCl(NH,R) complexes
presented strong bonds. Several methods for the in situ synthe-
sis of metal nanoparticles (i.e., Au, Cu, Co, Pt, Ni, and Ru)
with hydrogels as a polymeric network template in several
forms, such as bulk gels, cryogels, and microgels, have
recently been reported.”*>° Some authors synthesized AuNPs
through the reduction of HAuCl, with core—shell microgels of
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poly(N-isopropyl acrylamide)/polyethyleneimine®" and poly(N-iso-
propyl acrylamide)/polystyrene.’® Others reported the synthesis of
yolk—shell poly(N-isopropyl acrylamide) particles.”®> The incorpo-
ration of metal nanoparticles into the network microgel improves
its mechanical properties’ and can also impart electrical,” mag-
netic,’®*” and catalytic®® features to the microgels. Zhang and
Kumacheva®® used poly(acrylic acid) microgels for the synthesis of
semiconductor, metal, and magnetic nanoparticles.

There are many variables that affect the control of the AuNP
size and distribution; these include the substance-to-molar ratio
of the reducing agent, the stabilizing agent, and the reaction
time and temperature.” Such variables can be controlled during
AuNP preparation, where chemical reduction is performed with
a gold acid aqueous solution. Moreover, gold-colored nanopar-
ticles also depend on the shape and size and the dielectric con-
stant of the solvent used.”” The synthesis of monodisperse
AuNPs is also mainly controlled by the number of produced
nucleating centers in size-controlled polymeric network tem-
plates. Thus, efforts have been made to obtain microgels with
controlled sizes, porosity, and morphology.*'

Recently, we reported the synthesis of poly(N-isopropyl acryl-
amide) nanogels with controlled sizes (39-46nm) and narrow
distributions (~1.3) by a semicontinuous inverse heterophase
polymerization (SIHP) process under monomer-starving condi-
tions. A low weight ratio of 0.3 of the polymer produced to the
surfactant used was obtained.*” The SIHP process under
monomer-starving conditions was achieved to obtain specific
characteristics of polymers, such as a controlled average molecu-
lar weight and a low particle size with a narrow distribution
and high solids content.*’ STHP under monomer-starving con-
ditions consists of an aqueous solution of a monomer that is
fed continuously at a controlled rate into a monomer-free sur-
factant-and-initiator oleic solution to minimize the formation
of emulsified monomer droplets and to achieve monomer-
starved conditions.

In this study, we report the in situ synthesis of AuNPs with dif-
ferent controlled sizes, from polyacrylamide (PAAm) spherical
microgel networks prepared by SIHP with different concentra-
tions of HAuCl, without the presence of any reducing agent at
25°C. We found that the gold particle size was dependent only
on the HAuCl, concentration when the initial microgel size was
practically constant with narrow distributions.

EXPERIMENTAL

The chemicals reagents and solvents used were as follows: acryl-
amide (AA; Sigma, 99% pure), sodium bis(2-ethylhexyl) sulfo-
succinate (Sigma, 96% pure), N,N'-methylene bisacrylamide
(Sigma, 99% pure), benzoyl peroxide (Sigma, 75% pure), tolu-
ene (Sigma, 95% pure), HAuCl,*3H,O (Sigma, 95% pure), and
bidistilled and deionized water.

The synthesis of AuUNP-PAAm was performed with a two-stage
synthesis process. First, spherical microgels of PAAm were pre-
pared by SIHP under monomer-starving conditions. A 250-mL
reactor was initially charged with a solution of sodium bis(2-
ethylhexyl) sulfosuccinate/toluene at a weight ratio of 0.25g/g;
this was heated at 50°C under an argon atmosphere and
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allowed to stabilize. A small quantity of toluene was used to
prepare a solution containing benzoyl peroxide (1 wt % with
respect to AA); this was added to the main solution, with a
total mass of 85.5g, under continuous agitation for 30 min.
Otherwise, an aqueous solution of AA (AA/water w/w = 0.9g/g)
and 1 wt % N,N'-methylene bisacrylamide (on the basis of AA)
was added to the reactor at a 0.2 g/min feeding rate with a dos-
ing syringe pump (Kd Scientific 200 series) to start the poly-
merization reaction. The full feeding time was 73 min. The
reaction was allowed to proceed for an additional 2h to allow it
to reach maximum conversion. For the second synthesis stage,
the microgels synthesized in the first stage were deposited inside
a Millipore membrane (molecular weight cutoff = 6000-8000)
and immersed in bidistilled water to remove the surfactant and
residual initiator until the ionic conductivity was less than 6 uS/
cm. After this, the purified microgels were dried in an oven at
40°C for 24h. Samples weighing 0.04 g of the dried microgels
were deposited into vials containing 4 g of different concentra-
tions of HAuCl, aqueous solutions (0, 0.4, 0.7, 0.9, 1.1, and
1.3mM). These dispersions were placed inside an ultrasonic
cleaner apparatus, where the reduction reaction took place for
2h at 25°C (Figure S1, Supporting Information).

The z-average particle sizes (Dp,) of the microgels were meas-
ured at 25°C by dynamic light scattering (DLS) in a Malvern
Zetasizer ZS90 apparatus. The standard operating procedure
subroutine of the DLS instrument automatically calculated the
particle distribution. The swelling kinetics determination of the
microgels was followed by DLS, where each measurement was
obtained at intervals of 8 min.

AuNP-PAAm was observed in a JEOL 1010 transmission elec-
tron microscope at an accelerating voltage of 100kV to measure
the PAAm and AuNP-PAAm particle size and the shape of the
dried microgels. A drop of the withdrawn sample of each
microgel was deposited onto a carbon-coated copper grid after-
ward in a vacuum oven at 50 °C for 12h before it was observed
with a microscope.

Raman spectra were obtained with a Raman Thermo-Nicolet
apparatus (Almega model) equipped with a diode-pumped in
solid state of Nd:YVO, as laser source to detect the presence of
AuNPs inside the microgels. The laser excitation line was
532nm, and the laser power was 25 mW. Raman spectra were
recorded in a 300-1800-cm™' range, where the resolution was
limited to 1cm ™" with 25 s of integration time. The PAAm and
AuNP-PAAm dispersions were deposited inside an optical glass
cell when the measurements were performed.

X-ray diffraction (XRD) analysis was performed in a 0—0 diffrac-
tometer system (0 is the scatering angle) from Stadip (STOE &
Cie GmbH, Darmstadt, Germany) equipped with a copper source
operated at 30kV and 15 mA, with a Ka radiation of 1.5406 A
over a scattering angle (20) range of 5-80° to determine the
AuNP arrangement inside the microgels. Dried samples were
ground into a fine powder and then fixed on a glass slide with
Vaseline, which did not interfere with the sample measurement.

UV-vis spectra were recorded in a 400-800-nm wavelength
range with a Varian (Cary-300) spectrometer. Samples of the
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Figure 1. Intensity size distribution measured by DLS at 25°C for PAAm
and AuNP-PAAm.

AuNP-PAAm dispersions were withdrawn at given times to
measure the AuNP formation kinetics.

Open-circuit potential (OCP) measurements were conducted to
follow the reduction kinetics inside the microgels. OCP meas-
urements were performed with an Autolab PGSTAT 128N
potentiostat controlled by the commercial Nova 1.10 software.
A standard three-electrode cell from Fisher Scientific was used
to obtain the measurements. The working electrode was a gold
disc electrode with a diameter of 1.6 mm embedded in Teflon.
The auxiliary electrode was a long Pt wire, and the reference
was a saturated calomel electrode (SCE). We prepared the work-
ing solution by weighing 4g of a 1.1 mM aqueous solution of
HAuCl,. The gold solution was mixed with 0.04 g of the dried
microgels and placed in a forced recirculation bath at 25°C
with a digital temperature control to obtain the reaction reduc-
tion kinetics.

AuNPs were observed with field emission scanning electron
microscopy (FESEM) with a TESCAN model MIRA operated at
20 KeV. An energy-dispersive X-ray spectroscope from Bruker
(model XFlash 6130) was used at a 15-beam intensity to analyze
the gold composition in the FESEM image from the sample.

RESULTS AND DISCUSSION

Figure 1 depicts the particle size distributions obtained from
PAAm and AuNP-PAAm at different HAuCl, concentrations, as
measured by DLS at 25°C. Table I reports Dp, and the polydis-
persity index. Figure 1 shows that the PAAm particle size was
higher and the distribution was broader than those of AuNP-—
PAAm. In fact, the size of the PAAm was practically constant
(384 £18nm) and was maintained with the SIHP process,
whereas the AuNP-PAAm size decreased as the HAuCl, concen-
tration increased (Table I). PAAm had hydrogen atoms and car-
bonyl free groups, which interacted with water molecules,
increasing the swelling of the PAAm microgels. When the
HAuCl, concentration increased, the AuNP size also increased,
and therefore, the size of AuNP-PAAm decreased, and its distri-
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butions tended to be narrower. We propose that the AuNPs
inside the microgels limited the interaction of the hydrogen and
oxygen bonds of water molecules with amide groups; this
reduced the swelling of PAAm. Therefore, as the AuNP size
increased, the mesh of the crosslinked network began to become
saturated; this prevented more water molecules from interacting
with amine groups and decreased the particle sizes of the
microgels. It is well known that amine groups act as a reductant
in HAuCl, solutions.”**”** However, with amide groups, it is
more difficult to reduce the gold from HAuCl, because it is not
protonated; hence, the gold reduction in this process could be
performed by the protonating nitrogen atom when the amide
was destabilized by the presence of aqueous HAuCl,.

Figure 2(a,b) shows the transmission electron microscopy
(TEM) micrographs of the AuNPs in which quasi-spherical
nanoparticles were observed with average diameters of about
17+ 1 and 19 *2nm for HAuCl, concentrations of 1.1 and
1.3mM, respectively. Table I reports the average size of the
AuNPs for all of the HAuCl, concentrations. The dried PAAm
structure (without AuNPs) was observed by TEM to determine
Dp, and shape of the dry microgels. Figure S2 (Supporting
Information) shows the TEM micrographs of PAAm that dis-
close quasi-spherical particles with a Dp, of 102 = 11 nm. Some
of the microgels had a porous structure.

The presence of AuNPs inside the PAAm microgels was con-
firmed by FESEM. Figure 2(c) shows dry microgels with AuNPs
within its structure, where their Dp, was 97 nm at a concentra-
tion of 1.1 mM. Analysis performed by energy-dispersive X-ray
spectroscopy [Figure 2(d)] was used to confirm the presence of
AuNPs; it was detected the Au element at about 2 and 9.5 KeV.
This result supported the formation of AuNPs inside the inter-
nal structure of the microgel. Moreover, peaks of the C, N, Cu,
Ti, and O elements appear in Figure 2(d), and elements such as
Cu and Ti were derived from the copper grid and the sputtering
target, respectively.

UV-vis spectra of AuNP-PAAm synthesized at different concen-
trations of HAuCl, are illustrated in Figure 3. This technique
allowed us to monitor the synthesis of AuNPs localized inside

Table I. Dp, values of PAAm, AuNP-PAAm from different concentrations
(mM) of HAuCl, and their Distribution (Polydispersity Index) from DLS,
AuNP average sizes from the TEM and XRD Spectra

Average  AuNP

Polydispersity ~ AuNP average
Sample  Dp, (nm)? index?® size® size (L)°
PAAmM 384+18 1.6 — —
04mM 288+12 1.4 10+1 —
0.7mM 294+14 15 12+1 —
0.9mM 214 +9 1.5 15+1 16
1.1mM 207+14 14 17+1 18
1.3mM 230+15 14 19+2 21

@Determined by DLS.
b Determined from 50 AuNP measurements of the TEM photographs.
¢ Calculated by Debye-Scherrer equation from XRD data.
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Figure 2. TEM micrographs of the AuNPs: (a) 1.1 mM HAuCl, and (b) 1.3mM HAuCl,. (c) Scanning electron microscopy micrograph of AuNP-PAAm
at an HAuCl, concentration of 1.1 mM. (d) Energy-dispersive X-ray spectroscopy spectrum from panel ¢; counts per second (cps).

the microgels on the basis of their surface plasmon resonance
(SPR). The absorption band observed of an SPR for 0.4 mM was 164 —4—0.4mM
at 526 nm. As the concentration of HAuCl, increased, the absorp-
tion band became more intense and shifted to longer wavelengths
of up to 540nm for the 1.3mM concentration. Gold-colored
nanoparticles appeared and changed coloration with an increase
in the concentration. For smaller concentrations, the nanoparticle
color was pinkish red. For medium concentrations, the color was
purple, and at higher concentrations, the color tended to be
brownish red (Figure S3, Supporting Information).

Intensity (a.u.)

The reaction kinetics were followed by UV-vis spectroscopy for
a 1.3mM concentration. As the time increased, the maximum
peak was obtained at about 2h under continuous sonication.

P 0.0 T T T
The measurements were each taken at 12-min intervals. SPR 500 600 200 300
remained at the same wavelength throughout the reduction
reaction. This demonstrated that the AuNPs were dispersed Wavelength (nm)
homogeneously inside the microgel; therefore, this suggested Figure 3. UV-vis spectra of AuNP-PAAm.
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Figure 4. (—) OCP versus time for PAAm in a 1.1 mM HAuCl, solution

with sonication. (H) Swelling kinetics (W) of PAAm in a 1.1 mM HAuCl,
solution.

that there was no aggregation of the nanoparticles (Figure S4,
Supporting Information).

Figure 4 shows the plots of evolution of the OCP (E vs SCE (V),
where E, is electrode potential) in which the current flowing at the
gold electrode and the solution of HAuCl, (in the presence of the
microgels) interface was zero and the PAAm swelling kinetics [aque-
ous HAuCl, solution uptake (W) vs time]. A slow variation in the
potential at short times was observed. However, a significant incre-
ment in OCP was observed when the time increased until it reached
almost a constant value. The increment in OCP at long times sug-
gested that more energy was required to reach a zero current value,
and as a consequence, a thermodynamic equilibrium between the
work electrode and the ions was present in the solution. We related
this behavior to the reduction of Au™? produced by the presence of
the amide. As the time increased, less Au™*> was present in the solu-
tion, and more Au® was formed in the microgel. Thus, the thermo-
dynamic equilibrium was reached at more positive OCP values.

On the other hand, for the swelling behavior of PAAm, W was
obtained from®*?

W= V(t)~ Vay (1)

Vary
where V(¢) is the volume of the swollen PAAm at a given time (t)
calculated from the DLS-measured size (Dp,) and Vy, is the vol-
ume of the dry PAAm estimated by the measurement of its dry
diameter (dp) from the TEM micrograph (Figure S2, Supporting
Information). d, is related to the volume swelling ratio as follows*’:

3
(@) 8

where ¢ and ¢, are the network volume fractions at swelling
equilibrium and the reference state, respectively, and d is the
swollen PAAm diameter (Dp,) measured by DLS.

Figure 4 shows that PAAm swelled fast, whereas W increased
with time up to a maximum swelling value (W, ) of 36.8. It
was not possible to observe the equilibrium W in the range of
time analyzed. On the other hand, W presented a similar behav-
ior to the OCP curves. At t> W,,.x,» W decreased; this indicated
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that the PAAm deswelled in the presence of AuNPs, which dis-
placed the water molecules outside of the microgels in a manner
similar to a particle close-packing phenomena. These results
suggest that the reduction reaction of Au*® to Au® was carried
out inside the PAAm. However, it was important that the gold
reduction was also achieved outside the microgels.

Raman measurements were performed for PAAm and AuNP-
PAAm at different HAuCl; concentrations (Figure 5). The Raman
spectra of PAAm has been widely studied.**™*® The PAAm and
AuNP-PAAm spectra were analyzed from 300 to 1800cm ™', and
the different absorption bands were correlated: at 1106cm™'. A
midband appeared because of CH bending (6CH), strong bands
due to CH, bending (6CH,) appeared at 1328 cm” !, and CH,
symmetric stretching (v,CH,) at 1495cm ™' caused by C—C sym-
metric stretching was observed. The remaining strong band local-
ized at 1260cm™' was due to CH, asymmetric stretching
(v,CH,); the band at 1392cm™! was due to strong vibrations of
C—N bonds, and the band at 1202cm™ ! was due to NH, wag-
ging (yYNH,). In the PAAm and AuNP-PAAm spectra at concen-
trations of 0.4 and 0.7 mM, respectively, we observed a midband
at 1202cm™'; however, this band disappeared at higher concen-
trations of 0.7mM. This indicated that there was a chemical
interaction with AuCl, ions with the amide groups. Such inter-
actions could be demonstrated in the absence of yYNH, bands.

The X-ray diffraction patterns of AuNP-PAAm at the different
HAuCl, concentrations (0.4, 0.7, 0.9, 1.1, and 1.3 mM) are pre-
sented in Figure 6. For the 0.4 and 0.7 mM concentrations, it
was not possible to observe the characteristic peaks of gold
when the crystalline arrangement was not yet fully formed or

1.3 mM

1.1 mM

Intensity (a.u.)

[ AR I U I TN S N/ S|

400 600 800 1000 1200 1400 1600 1800
Wavenumber (1/¢cm)

Figure 5. Raman spectra of PAAm and AuNP-PAAm.
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the crystal size was very small. The two peaks appearing at 20
angles around 22 and 24° corresponded to reflections of the
sample holder. At concentrations above 0.7 mM, the diffraction
peaks were well defined, and the four characteristic AuNP dif-
fraction peaks appeared. These peaks were localized at 20 angles
of 38.1, 44.3, 64.5, and 77.6° and were related to the crystalline
planes (111), (200), (220), and (311), respectively, of the
AuNPs.>*® The broad peak observed in the 20 angle range
between 12 and 27° was attributed to PAAm.*" In the XRD
patterns of AuNP-PAAm for HAuCl,; concentrations higher
than 1.1 mM, there was an unidentified diffraction peak (*) at
about 20 =29°: we propose that the AuNP-AuCl, crystals
interacted with the amide groups of PAAm, as shown in the
Raman spectroscopy studies; this could have generated a new
phase that was not identified in this study. According to the
Joint Committee Powder Diffraction Standards data card No. 4-
784, the AuNPs presented a face-centered cubic arrangement.

The average size of crystalline domains (L) of the AuNPs was
calculated by the Debye—Scherrer equation from the XRD data
(Figure 6) as follows%:
_ka
B pcosl

3)

where k=0.9 is the Debye-Scherrer constant related to the
crystalline structure, / is the wavelength (nm), and f is the line
widening at the half-maximum peak (20; rad) and denominated
as the full width at half-maximum. Calculations were performed
with the assumption of Gaussian behavior. The average size
value obtained by both techniques was very close for each con-
centration. However, the sizes of the 0.4 and 0.7 mM concentra-
tions were lower; thus, it was not possible to calculate them
from the XRD measurements because the peaks in these diffrac-
tograms were not well defined (Table I).

CONCLUSIONS

In this article, we have reported the synthesis of AuNPs with
PAAm microgels as a reductant. By means of the SIHP process,
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it was possible to synthesize PAAm microgels with a controlled
size distribution and particle size. Such factors are important
because they allowed us to obtain a controlled mesh size with
improved homogeneous HAuCl, distribution into the microgel
while preventing AuNP agglomeration. Consequently, this
afforded us better control of the AuNP size. Also, increasing the
contact area between the HAuCl, solution and the microgels
increased the reduction reaction rate. Moreover, we studied sev-
eral concentrations of HAuCl,, and as a result, reductions were
obtained of nanoparticles of different sizes; this will expand
their applications, such as in catalysts or medical applications,
such as chemotherapy and the diagnosis of cancer cells. This
technique is becoming important because it is not necessary to
use a catalyst, initiator, stabilizer, or any reductant agent
because PAAm acts as these. From UV-vis spectroscopy, we
demonstrated the formation of AuNPs, which were absorbed in
the visible spectrum; this feature will allow us to use them as
catalysts or photovoltaic cells in specific matrices. The Raman
technique permitted us to identify the chemical interaction of
AuNPs with the microgels, which could maintain the nanopar-
ticle stability for a long time. Finally, we observed by XRD that
the intensity of the characteristic peaks increased; this demon-
strated that there was an increase in the AuNP size as the
HAuCl, concentration increased.
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