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In our work, a simple and fast synthesis method is provided to synthesize silver nanoclusters (AgNCs). In this
method, with using polyacrylic acid (PAA) as a template, the silver ions were reduced to silver nanoclusters
by irradiation reduction at room temperature. The prepared silver nanoclusters (PAA-AgNCs) with average
particle size of 1.98 £+ 0.79 nm have a fluorescence property, and their physical and chemical properties can
be controlled by absorbed dose, PAA/Ag* mole ratio and other factors. The fluorescence stability of the
PAA-AgNCs is good, and it is unique in that the fluorescence emission of the s PAA—AgNCs depends on
the excitation wavelength. In addition, based on the fluorescence quenching phenomenon of PAA-
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1 Introduction

Recently, metal nanoclusters (MNCs), especially Au nano-
clusters and Ag nanoclusters, have attracted great interest
because of their superior biological, physical and chemical
properties.' In general, metal nanoclusters consist of several to
several hundred metal atoms, most of which are around 2-3 nm
in size or less than 2 nm.” Therefore, it is very important that
metal nanoclusters provide a bridge between atoms and nano-
particles. Because they are similar in size to the electron Fermi
wavelength,®> metal nanoclusters tend to have discrete energy
levels, resulting in their photoluminescence ability.>* In
particular, silver nanoclusters have excellent fluorescence
performance® and have been proven to be an excellent candi-
date in fluorescent sensing,*” catalysis® and biological
imaging.>*®

At present, a large number of synthesis methods of silver
nanocluster have been developed, such as chemical reduction,"
photoreduction, ultrasonic reduction,® etc. Although they are
widely used in the synthesis of silver nanoclusters,"*™® they
often have some limitations, such as complex follow-up pro-
cessing, the need for sophisticated instruments, low yield and
so on. Here, we present a simple, easily controlled irradiation
reduction synthesis method of water-soluble silver nano-
clusters. Compared with other methods, irradiation reduction
has the advantages of uniform and pure products, simple and
controllable synthesis process and high yield."” In irradiation
reduction, the key to the reduction process lies in the
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Cr** ion by using PAA—AgNCs as fluorescent probes.

generation of reducing substances in the irradiation process:
water molecules are ionized and excited by high energy gamma
rays. And then, a large number of highly active components are
produced by gamma rays in the solution, include e, ~, HO", H’
and so on."”'®* Among them, reductive materials such as e;q~
can reduce metal ions to form primary particles, which even-
tually grow into metal nanoclusters in situ.”***° During this
process, due to the strong penetration of gamma rays, reducing
materials can be produced continuously and uniformly in the
solution. On the other hand, the reducing materials come from
the interaction between water and gamma rays, so the prepared
silver nanoclusters are pure in the system.'”** Therefore, irra-
diation reduction in the synthesis of metal nanoclusters shows
excellent feasibility.

Here, we report a synthesize method of water-soluble silver
nanoclusters (PAA-AgNCs) by irradiation reduction with using
PAA as template. As a polyelectrolyte, PAA is an excellent
template for the synthesis of silver nanoclusters due to the
strong binding ability of the carboxylate groups in PAA to silver
ions.”* In our study, the synthetic process and the fluorescence
properties of PAA-AgNCs were studied. In addition, we found
that the fluorescence of prepared PAA-AgNCs were quenched in
the presence of Cr®* ions. Thus, in this study, we further
established an efficient and fast method for the quantitative
detection of Cr’* ions by using prepared PAA-AgNCs as fluo-
rescent probes.

2 Experimental
2.1 Chemicals and materials

Sodium polyacrylate (PAA) was purchased from Sigma-Aldrich
(Shanghai, China). Silver nitrate (AgNOs;), isopropanol and
chromium nitrate (Cr(NO3);) were purchased from Sinopharm
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Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals
and solvents were analytical reagent (AR) and employed as
received without further purification. Milli-Q water was used for
all experiments.

2.2 Apparatus

The detailed size of prepared silver nanoclusters were observed
using high-resolution transmission electron microscopy (HR-
TEM; JEM-3000F, JEOL, Ltd.). UV-vis spectra were obtained
using a quartz cuvette with absorption wavelengths from
300 nm to 800 nm. Fluorescence intensity was recorded by a FS5
Fluorescence spectrophotometer with an excitation wave length
of 517 nm, an excitation and emission slit width of 3/3 nm and
a photomultiplier tube voltage of 400 V in emission mode.

2.3 Preparation of PAA-AgNCs

PAA-AgNCs were synthesized by irradiation reduction. First,
sodium polyacrylate solution was prepared from sodium poly-
acrylate powder by 20 min ultrasonic dissolution in 16 mL
deionized water. Then, the prepared sodium polyacrylate solu-
tion was added to the 4 mL fresh prepared silver nitrate solution
drop by drop under agitation, and the mixed solution was
stirred for 1 h to make the carboxylate in sodium polyacrylate
fully combine with silver ions. Make sure that the concentration
of sodium polyacrylate and silver nitrate in the mixture is
0.02 M. Then, 0.601 g isopropanol was added to the mixture as
an oxidizing free radical scavenger with vigorous stirring for 1 h.
The solution was sparged with N, for 15 min, and then radiated
at appropriate absorbed dose through Cog,. The total synthesis
process was conducted at room temperature. After irradiation,
the solution changes from colorless to blue, the prepared PAA-
AgNCs solution were stored in the refrigerator at 4 °C, hidden
from light. In order to clearly and accurately describe the
synthesis conditions of the sample, the sample synthesized at
600 Gy absorbed dose, 0.02 M silver nitrate concentration, 1/1
molar ratio of PAA to silver nitrate, and 0.5 M isopropanol
concentration was named AgNCs-1. In the subsequent experi-
mental exploration, the control variable method with only one
variable changed was introduced into the study of the synthesis
process of AgNCs.

2.4 Fluorescence detection of Cr** ions

A stock solution of Cr*" ions was prepared by dissolving
a certain amount of chromium nitrate solid in deionized water.
The stock solution of Cr** ions was properly diluted into stan-
dard working solutions of different concentrations for further
research by adding deionized water. Typically, 1 mL of standard
working solutions of Cr*" ions was added into 1 mL of PAA-
AgNCs stock solution. Then, the mixture oscillates for 2 hours
before fluorescence measurements.

2.5 UV-visible spectroscopy

3 mL prepared silver nanoclusters solution was transferred into
a quartz cuvette, and then the cuvette was transferred into an
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ultraviolet spectrophotometer with water as the background
reference for measurement.

2.6 Fluorescence spectroscopy

400 pL prepared silver nanoclusters solution was transferred
into a fluorescent quartz cuvette through a pipette, and then the
fluorescent quartz cuvette was transferred into a fluorescence
spectrophotometer for measurement.

3 Results and discussion
3.1 Synthesis of AgNCs

In this work, using PAA as template and isopropanol as oxida-
tive free radical scavenger, silver nanoclusters (PAA-AgNCs)
were prepared by gamma ray (Scheme 1), and the silver nano-
clusters obtained had smaller particle size and photo-
luminescence ability. As shown in Fig. 1a, after irradiation, the
initially colorless solution gradually turns blue, it has obvious
characteristic absorption peaks at 500 nm and 700 nm. Mean-
while, the PAA-AgNCs produced red fluorescence emission at
679 nm upon excitation at 517 nm (Fig. 1b). Fig. 1c shows the
TEM image of the prepared PAA-AgNCs. As shown in the Fig. 1c,
the prepared silver nanoclusters are all spherical and wrapped
in PAA, with an average particle size of 1.98 + 0.79 nm. This is
consistent with other work.”® To investigate the synthesis
process of the PAA-AgNCs, we investigated the effects of a series
of related parameters on the synthesis process, including
absorbed dose, isopropanol content, PAA/Ag" mole ratio and
concentration.

3.1.1 Absorbed dose. The changes in the properties of PAA-
AgNCs prepared with different absorbed dose has proved
interesting. Fig. 1 shows the changes of ultraviolet absorption,
fluorescence emission and morphology of PAA-AgNCs at
different absorption dose. The samples described in the figure
were prepared with different absorbed dose on the basis of
AgNCs-1 only by changing the absorbed dose. Before irradia-
tion, the mixed solution showed no absorption in the range of
400-800 nm (Fig. 1a). As shown in Fig. 1a, when the absorption
dose reached 600 Gy, the absorption peak at 500 nm and
700 nm appeared respectively. As the absorption dose
increasing, the absorption peak at 500 nm was weakened, but
the absorption peak at 700 nm continued to increase. When the
absorbed dose reached 500 Gy, the absorption peak of 500 nm
almost disappeared, and the absorption peak of 700 nm was
enhanced with a certain red shift. Fig. 1b shows that the fluo-
rescence intensity of PAA-AgNCs increases first and then
decreases with the increase of absorbed dose. Before irradia-
tion, the solution of the system did not show fluorescence under
517 nm light excitation. Then, after irradiation, the prepared
PAA-AgNCs solution showed fluorescence emission of 679 nm
under excitation. When the absorbed dose reaches the higher
dose, fluorescence emission of PAA-AgNCs gradually weakened,
which is similar to the change of absorption at 500 nm of UV-vis
spectra (Fig. 1a and b). The consistent change between fluo-
rescence emission and absorption peak at 500 nm indicates that
the characteristic absorption peak at 500 nm is generated by the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic process of AgNCs.

PAA-AgNCs with fluorescence emission. Similar results have
been reported previously, in which silver nanoclusters were
synthesized by using PMAA as a template.”>**** In addition,
TEM images (Fig. 1c and d) also showed that at higher absorbed
dose, the particle size of the prepared nanoclusters was slightly
higher than that of silver nanoclusters at lower absorbed dose,
and obvious agglomeration phenomenon occurred to form
large non-fluorescent nanoparticles. This indirectly proves that
low absorbed dose is more conducive to the formation of
nanoclusters.

3.1.2 Isopropanol concentration. During irradiation, water
molecules under the action of gamma rays can produce both
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oxidized radicals and reduced radicals.” In general, to avoid the
reaction of oxidized radicals with silver nanoclusters, it is
necessary that oxidized radical scavengers are added to the
synthesis system to inhibit this process.’®* In this study, the
scavenging ability of isopropanol on oxidized radicals and the
effect of its content on the synthesis process in silver nano-
cluster synthesis system were investigated. The samples
described in the Fig. 2 were prepared with different absorbed
dose on the basis of AgNCs-1 only by changing the isopropanol
contents. As shown in Fig. 2a and b, after adding isopropanol,
the absorption peak of PAA-AgNCs at 500 nm is more obvious,
and the fluorescence intensity was also stronger than that of the

Wavelength(nm)

Fig. 1

(a) UV-vis spectra of silver nanoclusters at different absorption dose, inset: silver nanocluster solution before irradiation (left) and after

irradiation (right); (b) fluorescence spectra of nanoclusters; (c) TEM image of silver nanocluster (AgNCs-1-600), inset: particle size distribution of
AgNCs; (d) TEM image of silver nanocluster (AgNCs-1-1000), inset: particle size distribution of AQNCs; the samples were named as AgNCs-1-0,
AgNCs-1-600, AgNCs-1-1000, AgNCs-1-5000, and their absorbed dose were 0 Gy, 600 Gy, 1000 Gy, and 5000 Gy, respectively.
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Fig.2 UV-vis spectra (a) and fluorescence spectra (b) of PAA-—AgNCs with different isopropanol contents; the samples were named as AQNCs-1-
0, AgNCs-1-0.5, AgNCs-1-1, AgNCs-1-2, and their isopropanol contents were 0 M, 0.5 M, 1 M, and 2 M, respectively.

silver nanocluster solution without isopropanol. In addition,
after adding 0.5 M isopropanol, even if the concentration of
isopropanol was further increased, the fluorescence intensity of
PAA-AgNCs was not further improved (Fig. 2b). This indicates
that at the absorbed dose of 600 Gy, 0.5 M isopropanol is
sufficient to maintain the reducing atmosphere of the system.
And the fluorescence intensity of PAA-AgNCs is not affected
even if there is excess isopropanol. Considering that the
increase of fluorescence intensity of the PAA-AgNCs is limited
after the addition of isopropanol, the synthesis system of AgNCs
can be further simplified by not adding isopropanol, which is
more conducive to the simple and rapid synthesis of AgNCs.
However, in this work, in order to ensure that the synthesis
process is always in a reducing atmosphere, 0.5 M isopropanol
was used in the synthesis process of PAA-AgNCs.
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3.1.3 PAA/Ag" mole ratio. During the synthesis process of
PAA-AgNCs, the coordination interaction between silver ions
and carboxylate groups in PAA is very important for the stability
of silver nanoclusters.">* Fig. 3 shows the UV-vis spectra and
fluorescence spectra of PAA-AgNCs with different PAA/Ag" mole
ratio at the 600 Gy absorbed dose. The samples described in the
figure were prepared with different absorbed dose on the basis
of AgNCs-1 only by changing the PAA/Ag" mole ratio at
a constant PAA concentration of 0.02 M. The higher the relative
concentration of carboxylate groups lead to higher absorption
peak at 500 nm (Fig. 3a) and stronger fluorescence intensity
(Fig. 3b). With the increase of silver ion concentration, the
absorption peak of PAA-AgNCs at 500 nm gradually weakened
(Fig. 3a), and the fluorescence intensity also decreased (Fig. 3b).
This may be due to the tendency of silver nanoclusters to

Fig.3 UV-vis spectra (a) and fluorescence spectra (b) of PAA—AgNCs with different PAA/Ag™ mole ratio; (c—e), TEM images of PAA—AgNCs with
different PAA/Ag™ mole ratio: (c) AgNCs-1-1/1; (d) AgNCs-1-1/4; (e) AgNCs-1-1/8; the samples were named as AgNCs-1-2/1, AgNCs-1-1/1,
AgNCs-1-1/2, AgNCs-1-1/4, AgNCs-1-1/8, and their PAA/Ag* mole ratio were 2/1, 1/1, 1/2, 1/4 and 1/8, respectively.
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aggregate and form larger nanoparticles at high silver ion
concentration. When the relative concentration of PAA is high,
the aggregation of PAA-AgNCs was weak (Fig. 3c). With the
increase of the relative concentration of silver ions, large
nanoparticles appear in TEM (Fig. 3d and e), showing a more
obvious aggregation phenomenon. Large nanoparticles will be
produced in PAA-AgNCs (Fig. 3c—e€) at high silver ion concen-
tration, which is not conducive to the formation of AgNCs
(Fig. 3a) and leads to the decrease of fluorescence intensity of
PAA-AgNCs (Fig. 3b). The formation of larger nanoparticles may
be due to the fact that the limited carboxylate groups cannot
stabilize the existence of all the silver nanoclusters in the case of
high silver ion concentration, resulting in the spontaneous
aggregation of silver nanoclusters into nanoparticles. Thus, the
fluorescence intensity of PAA-AgNCs decreased at high silver
ion concentration. As is shown above (Fig. 3d and e), with the
improvement of silver ion concentration, although the nano-
particles gradually appeared in the PAA-AgNCs, but nano-
clusters are still there. And under the different concentration of
silver ion, the particle size of nanoclusters is relatively close to.
This also proves that nanoparticles are formed by agglomera-
tion of silver nanoclusters that are not stabilized by PAA, rather
than by the silver nano clusters grow gradually formed. Based

TAG concentration
a  14]—agncs2-001
133 ——AgNCs-2-0.02
——AgNCs-2-0.03

12 {— agncs-2-004
14 J—Aancs2-005

Absorbance

OA-_/\—/_\
0.3 4

400 500 600 700 800

Wavelength(nm)

b 240000 4 Ag” concentration
——AgNCs-2-0.01
220000 | AgNCs-2-0.02
0000 ] —AaNCs-2:0.03
2 ——AgNCs-2-0.04
180000 { ——AgNCs-2-0.05

View Article Online

RSC Advances

on the above rules, a higher relative molar concentration of PAA
(PAA/Ag" molar ratio of 2/1) was used for the synthesis of silver
nanoclusters, and AgNCs-1-2/1 was named as AgNCs-2.

3.1.4 System concentration. In addition, the effect of
concentration on silver nanocluster synthesis was investigated.
On the basis of AgNCs-2, the samples shown in the figure were
prepared with different concentrations by maintaining
a constant PAA/Ag" molar ratio (2/1) and only changing the
concentration of silver nitrate. The Fig. 4a shows that the
absorption of 500 nm increases gradually with the increase of
system concentration. This indicates that higher concentrations
of silver nanoclusters are produced. However, the fluorescence
spectra (Fig. 4b) of PAA-AgNCs showed a trend of first rising
and then decreasing with the increase of system concentration.
This is due to the phenomenon of self-quenching of the high
concentration of silver nanoclusters, which leads to the
decrease of fluorescence intensity of the nanoclusters. This is
consistent with previous other reports.*>*?

3.2 Fluorescence of AgNCs

A unique feature of silver nanoclusters is fluorescence, which is
not observed for Ag nanoparticles.® It can be seen from Fig. 1c
that under the excitation at 517 nm, the silver nanocluster
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Fig.4 UV-vis spectra (a) and fluorescence spectra (b) of PAA—AgNCs with different initial concentrations; the samples were named as AQNCs-2-
0.01, AgNCs-2-0.02, AgNCs-2-0.03, AgNCs-2-0.04, AgNCs-2-0.05, and their silver nitrate concentrations were 0.01 M, 0.02 M, 0.03 M, 0.04 M

and 0.05 M, respectively.
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(AgNCs-2) produces a red fluorescence emission at 679 nm. The
quantum yield is 0.19, calculated by use of rhodamine B in
ethanol as a reference. Due to the small size of silver nano-
clusters, silver nanoclusters tend to aggregate with each other to
form non-fluorescent silver nanoparticles in order to reduce the
surface energy, so fluorescence stability is one of the important
properties of silver nanoclusters.”® The Fig. 5a shows the fluo-
rescence changes of the nanoclusters with the extension of the
storage time. After 30 days of dark storage at 4 °C, the fluores-
cence intensity was only slightly lower than the initial fluores-
cence intensity, indicating that the prepared PAA-AgNCs had
better fluorescence stability.

In addition, we found that the fluorescence emission of PAA-
AgNCs is dependent on the excitation wavelength. As shown in
the Fig. 5b, with the increase of the excitation wavelength, the
fluorescence intensity of the silver nanocluster increases first
and then decreases, and the maximum fluorescence emission
peak appears red shift. This may indicate that the prepared
PAA-AgNCs are composed of silver nanoclusters containing
a different number of silver atoms. To date, all silver nano-
clusters prepared by any synthetic method have generally
exhibited this similar phenomenon.****¢

3.3 Detection of Cr** ions

Cr’"ions can have a serious effect on cell structure by binding to
DNA and can do great harm to the human body.”” Meanwhile, it
is widely used in agriculture and industry. So it is also an
important environmental pollutant.®® Therefore, it is very
important to develop a quick and sensitive detection reduction
method of Cr*" ions. The prepared PAA-AgNCs (AgNCs-2) show
obvious fluorescence quenching in the presence of Cr** ions
(Fig. 6a), so the silver nanoclusters synthesized by irradiation
method can be used for the detection of Cr** ions.

To confirm the feasibility of proposed detection strategy, we
investigated the fluorescence intensity of prepared PAA-AgNCs

View Article Online
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in the presence of different concentrations of Cr’* ions. The
obtained fluorescence quenching data were analyzed by Stern—
Volmer fluorescence quenching equation:*

% =KswC+1
where F, is the fluorescence intensity of the control group
without Cr** ions at 679 nm, F is the fluorescence intensity of
PAA-AgNCs with different concentrations of Cr’* ions at
679 nm, Kgy is Stern-Volmer fluorescence quenching constant,
and C is Cr’** ions concentration. The Fig. 6b shows the rela-
tionship between the fluorescence intensity of the silver nano-
cluster with different concentrations of Cr*" ions and the
concentration of Cr*" ions. As shown in Fig. 6c, the fitted curve
has a good linear relationship in range of 0.001 M to 0.01 M, the

. R . .
linear equation is i 116.44C + 1, and the linear correlation

coefficient is 0.99865. The detection limit was calculated,
following the TUPAC criterion,"* as the concentration of Cr**
ions which produced an analytical signal three times the stan-
dard deviation of the blank signal. The result then suggested
a detection limit as low as 0.000703 M. This fully proves that the
prepared PAA-AgNCs can be used in detection of Cr*" ions.
Generally, there are two mechanisms leading to fluores-
cence quenching of PAA-AgNCs, one is static quenching and
the other is dynamic quenching.® In order to explore the
mechanism of fluorescence quenching of PAA-AgNCs by Cr**
ions, the above two quenching mechanisms were examined.
The average FL lifetimes of the PAA-AgNCs (to) and PAA-
AgNCs with Cr*” ions (r) were estimated to be approximately
0.74 ns and 0.62 ns, respectively. The fluorescence lifetime of
PAA-AgNCs before and after exposure to Cr’* ions has only
a small change, thus the fluorescence quenching mechanism
is more inclined to static quenching.® It is well known that PAA
is a polyelectrolyte, and the carboxylic acid on the molecular
chain has coordination effect with many metal ions, and Cr**
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Fig.6 (a) Fluorescence spectra of PAA~AgNCs with different concentrations of Cr** ions; (b) the relationship between the fluorescence intensity
of PAA-AgNCs and the concentration of Cr** ions; (c) Stern—Volmer fluorescence quenching curve.
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Fig. 7 (a) UV-vis spectra and fluorescence spectra of PAA—AgNCs with different components (control: PAA, isopropanol and Cr3* ions); (b)
fluorescence intensity of PAA-AGNCs after Cr** ions addition under different conditions (1: AGQNCs; 2: AGNCs and Cr** ions; 3: AGNCs, Cr** ions
and PAA (add at the same time); 4: AgNCs, Cr®* ions and PAA (add after fluorescence quenching)).

ions is one of them.*® Further, according to the UV-vis spec-
trum (Fig. 7a), with the addition of Cr’** ions, the peak of PAA-
AgNCs at 500 nm gradually disappeared, and the peak of PAA-
AgNCs at 700 nm began to shift to 580 nm of Cr** ions, and the
characteristic peak at 400 nm of Cr** ions appeared with the
increase of chromium ion concentration, indicating that
a new complex without fluorescence emission was formed
between Cr’* ions and PAA-AgNCs. Meanwhile, under normal
circumstances, the fluorescence intensity of PAA-AgNCs
decreases significantly in the presence of Cr** ions (Fig. 7b).
However, when additional PAA exists in the system, part of
Cr’" ions was combined with additional PAA without AgNCs
binding, the fluorescence intensity of AgNCs will only
decrease slightly (Fig. 7b). In addition, after Cr** ions and
PAA-AgNCs were fully combined, and PAA was added into the
system. For the addition of new PAA, Cr’* ions and PAA will
reach a balance again, so that part of Cr’" ions that has made
PAA-AgNCs fluorescence quenched can be separated from
PAA-AgNCs. Therefore, the fluorescence intensity of PAA-
AGNCs was also slightly increased (Fig. 7b). This also indi-
rectly proved that added Cr’* ions would combine with PAA-
AgNCs to form a new complex, resulting in fluorescence static
quenching of PAA-AgNCs.

4 Conclusion

In summary, the synthesis of water-soluble fluorescent PAA-
AgNCs by irradiation reduction using a simple, inexpensive and
commercially available polyelectrolyte PAA as template has
proved to be a convenient synthetic method. This fluorescent
water-soluble silver nanocluster can control the physical and
chemical properties simply by changing the synthesis condi-
tions. The excitation wavelengths and emission wavelengths of
the PAA-AgNCs were 517 nm and 679 nm, respectively. Mean-
while, a simple and fast method for Cr*" ions detection was
established by using fluorescent PAA-AgNCs as fluorescent
probes. In addition, we may expect that this irradiation-
reduction method can be extended to the synthesis of other
metal nanoclusters.
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