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Abstract

Here, we reported a novel strategy for the controllable synthesis of Au nanoparticles within functional microgels. By
simply mixing Au(Cl),” ions with a microgel dispersion at room temperature for several hours, Au(lll) ions were reduced
into Au(0) nanoparticles on the surface of the microgels. Without the use of any additional reductant, the reduction of
the Au(lll) ions was realized and controlled by tuning the volume of the base solution as a result of the unique reductive
3-carbonyl-N-vinylcaprolactam structure inside the microgels. Moreover, the hybrid microgels showed efficient catalytic
activities for the model reduction reaction of 4-nitrophenol (Nip). These results revealed that the synthesis strategy of
fabricating Au-polymer hybrids possesses great potential in the field of wastewater treatment.

Article highlights
« A novel functional microgel is tailored for the reduc-
tion and stabilization of Au(lll) into Au nanoparticles.
- The reduction process is switched by adjusting the
base volume to generate Au nanoparticles with gradu-
ally varied absorption spectra.

« The fabricated Au-polymer hybrids exhibit excellent
catalytic activity towards 4-nitrophenol dyes.
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1 Introduction

Functional microgels have attracted increasing interest in
the nanotechnology field since they are known to have
diverse functions in a confined hollow network structure
that gives access to load nanoparticles without poten-
tial aggregation [1, 2]. These microgels, in which func-
tional groups can be introduced and modified, are usu-
ally considered perfect candidates for the stabilization of

nanomaterials. Besides, the interaction of the microgels
with metal precursors enables the in situ nucleation and
growth of nanoparticles in the confined network with
controllable valence modulation of metals atoms. Further-
more, the structures and physical properties of functional
microgels can be altered at the nanoscale, which opens
up an effective route to modulate the optical and catalytic
properties of nanoparticles. Therefore, these functional
microgels with tailored active groups often act as perfect

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1007/s42452-022-

05252-0.

B4 Dongyan Tang, dytang@hit.edu.cn | 'State Key Laboratory of Advanced Welding and Joining, Harbin Institute of Technology,
Harbin 150090, China. 2School of Chemistry and Chemical Engineering, Harbin Institute of Technology, Harbin 150001, China.

®

Check for
updates

SN Applied Sciences (2023) 5:26

| https://doi.org/10.1007/542452-022-05252-0

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-022-05252-0&domain=pdf
http://orcid.org/0000-0002-9641-8609
https://doi.org/10.1007/s42452-022-05252-0
https://doi.org/10.1007/s42452-022-05252-0

Research Article SN Applied Sciences

(2023) 5:26

| https://doi.org/10.1007/s42452-022-05252-0

carriers to immobilize nanoparticles for tunable catalysis
[3, 4], plasmon sensing [5], surface enhanced Raman scat-
tering [6], and cancer therapy [7, 8].

Au nanoparticles, as one of the most frequently used
nanomaterials, have got great achievements in nanotech-
nology for their remarkable optical and catalytic proper-
ties [9-11]. To immobilize Au nanoparticles with a desired
size and morphology, a variety of microgels systems [1,
12] have been developed, such as the polystyrene-poly(N-
isopropylacrylamide) (PS-PNIPAM) core-shell microgels
reported by Lu et al. [13] and Fe;0,-PNIPAM by Liz-Mar-
zan et al. [14], both of which were employed to in situ
synthesize metal nanoparticles. In these studies, NIPAM
offered a weak complexion effect to stabilize the surface of
nanoparticles, while NaBH, was used as a strong reducing
agent. Suzuki et al. introduced 3-(methacrylamino)-propyl-
trimethylammonium chloride into microgels as cationic
sites to absorb [AuCl,]" anion for further reduction [15].
Pich et al. developed PVCL-based acetoacetoxyethylmeth-
acrylate (AAEM)/acrylic acid core/shell microgels to reduce
Au(lll) ions in the core in a controllable way. In addition to
a strong complexing effect, AAEM also worked as a mild
reducing agent for the controlled reduction of Au(lll) ions
to Au(0) [16, 17], during which acrylic acid played as sta-
bilizer to coordinate with metal atoms [18-20]. Addition-
ally, other microgel systems with a-cyclodextrin (a-CD)
used as both reducing agent and stabilizer have also been
reported as they often contains plenty of hydroxyl groups
[21, 22]. In this study, Au nanoparticles were immobilized
by functioning PVCL-based microgels with 3-carbonyl-
N-vinylcaprolactam units in such a way that the reductive
ability of diketone can be modulated by carboxyl groups
to produce the pH-modulatable reductive property
towards Au(lll) ions.

Fig. 1 Schematic diagram of
the in situ reduction of Au
nanoparticles in the presence
of PTBVCL-d copolymer micro-
gels and its color changes as
the reduction time increased
fromOto6h
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2 Results and discussion

Poly(N-vinylcaprolactam-co-3-carbonyl-N-vinylcaprolac-
tam) (PTBVCL-d) microgels were synthesized by modified
emulsion polymerization (see Supporting Information for
details). The reduction reaction of Au nanoparticles was
performed in the presence of the as-synthesized micro-
gels. As illustrated in Fig. 1, after Au(lll) ions solution was
added to the ionized microgel dispersion, the color of
the reaction solution changed from colorless to dark vio-
let in 6 h, indicating Au(lll) ions were reduced into Au(0)
atoms. The diketone formed between caprolactam and
the carboxyl groups has been reported to have strong
coordination effect and weak reducing ability, resulting
in an electron-rich reducing environment via keto-enol
tautomerization [17, 23]. During the reduction of Au(lll)
ion into Au(0), it is believed that the active C-H groups in
the diketone structure were oxidized into C-OH groups,
similar to the cases of polyol and polyglycidol [17, 24]. The
UV-vis absorption spectra obtained at different reaction
time in Figure S1a indicate the reduction basically ended
in 12 h. These reduction reactions show that the reducing
ability of PTBVCL-d microgels is milder than strong reduc-
ing agents such as NaBH, [14], but slightly stronger than
reductive polymeric components like a-CD and AAEM [16,
17,22].

Notably, this reduction process towards Au(lll) ions can
be controlled by adjusting the amount of NaOH. Figure
S1b shows the absorption spectra of a series of Au-poly-
mer hybrids fabricated at different NaOH concentrations.
As the volume of NaOH solution (0.1 M) increased from
50 to 200 pL, the absorption peak raised from 530.0 to
542.5 nm. The generation of the absorption peaks was
ascribed to the localized surface plasmon reason effect
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in Au nanoparticles; and the redshift implied the forma-
tion of Au nanoparticles at lager sizes when the amount of
NaOH increased. In the absence of NaOH, however, neither
any recognizable color changes nor an absorption peak
could be found for the solution even when it had been
kept for 3 days.

These results revealed that the addition of NaOH could
switch “on/off” the reducing ability of microgels and
facilitate the reduction of Au(lll) ions into Au(0) colloidal
nanoparticles. The switch of such reducing ability by the
addition of NaOH may stem from the unique structure of
3-carbonyl-N-vinylcaprolactam. At higher pH values, the
carboxyl groups were deprotonated and possessed neg-
ative charges that can electrostatically absorb and con-
centrate Au(lll) ions. Besides, ionized carboxyl created an
electron-richer reducing environment for the formation of
Au nanoparticles. In this sense, increasing the amount of
NaOH could obviously alter the reducing ability of micro-
gels, further accelerate the formation of Au nanoparticles,
and regulate the plasmon resonance of Au nanoparticles.

Figure 2a, b shows the transmission electron micros-
copy (TEM) images of PTBVCL-d-Au hybrids microgels. A

Fig.2 Low (a) and high (b)
magnification TEM images,
HRTEM (c) and SAED (d)
imgages of PTBVCL-d@Au
hybrid microgels treated with
50 pL of NaOH solution

&
Aot

large amount of spherical colloidal Au nanoparticles local-
ized on the surface of the as-synthesized hybrid microgels
were separated from each other as a result of the capping
effect of the 3-carbonyl-N-vinylcaprolactam units, which
was functionally similar to that of cationic surfactants [18,
25]. Based on the calculation from the TEM data (Figure
S2), Au nanoparticles have an average size of 6.1 nm. The
distribution of Au nanoparticles suggests the formation
of Au nanoparticles occurred on the surface of microgels
due to the charge repulsion between ionized 3-carbonyl-
N-vinylcaprolacam units. Besides, almost no aggregation
of Au nanoparticles was observed except for few nanocrys-
tals distributed outside the microgels. In consistence with
this finding, the dynamic light scattering measurement
(Figure S3) prompted the absence of free particles at the
nanoscale. These results suggest that there was an effec-
tive coordination between 3-carbonyl-N-vinylcaprolacam
and the surface atoms of Au nanoparticles.

Further structure identification of Au nanoparticles
was performed by the high resolution TEM (HRTEM) and
selected area electron diffraction (SAED), as presented
in Fig. 2¢, d. From the HRTEM data, nanocrystals have a
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polycrystalline structure along with a lattice spacing of
0.24 nm, which was in line with the crystal plane (1 1 1) of
Au nanoparticles. In consistence with this result, a similar
conclusion was drawn from SAED. The characteristic Bragg
peaks from SAED were at 0.24 nm, 0.20 nm and 0.14 nm,
corresponding to the (11 1), (20 0) and (2 2 0) plane of
Au nanoparticles, respectively, which in turn matched the
result of HRTEM. In addition, thermogravimetric analy-
sis (TGA) has been conducted to measure the content of
inorganic/organic component and the result was given
in Figure S4. Based on the TGA data, the weight% of Au
nanoparticles in hybrids is calculated to be 2.2%, slightly
smaller than the theoretical value of 2.3%.

According to previous studies [22, 26], the Nip mole-
cules is a typical pollutant in the field of waste treatment,
while it is easy to be detected by UV-vis spectroscopy for
further quantitative analysis. Therefore, the catalytic activ-
ity of hybrid microgels was evaluated through a common
model reaction of Nip reduction by NaBH,. The reduction
reaction was performed with PTBVCL-d@Au50 hybrid
microgels at different concentrations. Figure 3 shows the
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kinetics of Nip reduction as the volume of original PTBVCL-
d@Au50 hybrid microgels dispersion varied from 25 pL to
100 pL. Correspondingly, the surface area S of Au nanopar-
ticles normalized to the unit volume of the system is cal-
culated to be 3.27x 102 m?/L, 6.54x 1072 m?/L, 9.81x 1072
m?/L and 1.31x 107" m?/L, based on the data of size and
weight% of Au nanoparticles. The peaks at 400 nm, result-
ing from the production of 4-nitrophenate ions, experi-
enced a rapid decline as the reaction time decreased, and
new minor peaks were observed at 290 nm due to the
production of 4-aminophenol. From these curves, it can
be observed that the reaction time dropped from about
20 min to 6 min when the amount of hybrid microgels
increased. The ratio of the concentration of the Nip at time
t to its original concentration can be obtained based on
the ratio of the absorbance A(t) to A, since the amount
of NaBH, was in excess and a pseudo-first order reaction
was followed.

The catalytic activity of hybrid microgels was evaluated
by linear relations of In(C/C,) as a function of time, as pre-
sented in Figure S5 and Fig. 4a. When the concentration
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Fig. 3 The UV-vis absorption spectra of Nip reduced by sodium borohydride and catalyzed by a 25 pL, b 50 pL, ¢ 75 pL and d 100 L of
PTBVCL-d@Au hybrid microgels (The induction period of the reaction has been subtracted)
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Fig.4 a Kinetic analysis of the Nip reduced by different amounts of
PTBVCL-d@Au hybrid microgels (the induction period of the reac-

tion has been subtracted) and apperent rate constant (k,p,) as a

of Au nanoparticles reached 1.31x 10"'m?/L, over 90% of
the Nip was converted into 4-nitrophenate in 8 min. The
apparent rate constant k,,, was obtained from the slope
of fitting lines. Considering the catalytic degradation only
occurred on the surface of Au nanoparticles, the catalytic
activity highly depends on the total surface areas of Au
nanoparticles in the system. As a result, kinetic constant k,
can be defined by normalizing the unit of the surface areas
of nanoparticles to eliminate the effect of nanoparticle
size on the catalysis performance. As presented in Fig. 4b,
the normalized rate constant k, for PTBVCL-d@Au hybrid
microgels was calculated to be 0.016 Ls"'m?2 Compared
with previous studies, the catalytic activity for PTBVCL-d@
Au hybrid microgels is much higher than that of CTAB-
stabilized Au (k,=0.008 Ls™ 'm?) [22] or Au-loaded porous
carbon (k,=2.76 x 10~ * Ls™ 'm?) [27], indicating that PTB-
VCL-d microgels functioning as reducing agent and stabi-
lizer can effectively facilitate the formation of catalytically
active Au nanoparticles. However, this result is lower than
that of PVCL-a-CD-Au (k,=0.025 Ls™ 'm?) [22], which might
be ascribed to a higher amount of active sites of polyhy-
droxy a-CD than TBVCL to complex with Nip molecules.
The morphology and structure of hybrid microgels after
the catalysis experiment are observed through TEM and
SAED. As presented in Figure S6a-b, the SAED data shows
observable electron diffraction pattern similar to the ori-
gin sample, indicating Au nanoparticles after catalysis
remained its crystal structure. Besides, plenty of nanoparti-
cles on the surface of microgels can be observed in Figure
S6b. These results demonstrate good structural stability
of the hybrid microgels in the catalysis process. However,
due to the very low concentration at 2.9 x 1072 mg/mL, the
hybrid microgels can hardly be recycled from the catalytic
system. Thus, the reusability analysis of hybrid microgels

S(n’/L)

function of surface area S of Au nanoparticles normalized to the
unit volume of the system

is difficult to evaluate in an operable way. The thermore-
sponsivity was usually utilized to enable hybrid microgels
reusability via reversible thermoresponsive swelling-
collapse transition. Here, the thermoresponsive behavior
of the hybrid microgels was confirmed by the dynamic
light scattering measurement, as shown in Figure S3. In
this sense, we believe the hybrid microgels are potentially
recyclable in consideration with the similarity of our hybrid
structures to those explored in previous studies [20, 28].

3 Conclusion

Briefly, Au-polymer hybrid structures have been success-
fully fabricated in situ in a mild and controllable process
by utilizing the reducing ability of 3-carbonyl-N-vinylcap-
rolactam units in microgels. Besides, this reduction pro-
cess can be switched is with the usage of base, along with
varying absorption spectra. The model reaction of cataly-
sis reduction of Nip molecules demonstrates that the Au-
polymer hybrid structures feature highly effective catalytic
activity, despite further testing is needed to understand
the catalytic mechanism and explore their potential recy-
clability. These results demonstrated 3-carbonyl-N-vinyl-
caprolactam units we introduced have excellent ability to
interact with metal ions and switch metal valences and
fabricate hybrid structures in the nanotechnology. Besides,
it is important to note that these hybrid structures may
also be applicable to surface enhanced Raman scattering,
photothermal therapy and other fields.
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