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Detection of heptavalent manganese ions
using polymethacrylic acid assisted silver
nanoclusters as fluorescent probes
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Polymethacrylic acid (PMAA) stabilized silver nanoclusters (AQNCs@PMAA) were pre-
pared in one step using UV light irradiation. Based on the fluorescence quenching caused
by the interaction of heptavalent manganese ions with AQNCS@PMAA, a highly sensitive
method for detecting the heptavalent manganese ions was developed. The results show that
when the reaction conditions are optimized, the prepared AgNCs@PMAA nanoclusters
have a uniform small nanometer size and strong near-infrared luminescence.
AgNCs@PMAA can be used as a highly sensitive fluorescent probe to detect heptavalent
manganese ions. The probe shows excellent performance, the change in the fluorescence
intensity of AQNCs(@PMAA has a good linear dependence on the concentration of heptava-
lent manganese ions, and its linear range is 0.5 ug/ml-90 ng/l; the minimum detection
limit is 0.28 pug/ml. The fluorescent probe has good practical value and application pros-
pects, and also provides a new approach and theoretical support for metal cation detection.

Keywords: silver nanoclusters, heptavalent manganese ion, fluorescence quenching.

BusaBieHHs CeMHBAJEHTHHUX iOHIiB MapraHmil i3 3acToCyBaHHAM CTabijdi3oBaHUX IIO-
JiMEeTAKPHJIOBOI0O KHCJOTOI) HAHOKJACTEPiB cpibiaa y akocri duayopecueHTHHX 3OHAIB.
Ciosnun Ilao, Pacanv Jw, I[sanvpon Xoy, Jangpsn Xe

3a monomorow ob6pobku yabrpadioseroBuM cBiTioM Ha oxgHill craxgii 6ynum mpuroroBieni
crabinisoBani IOJIiMeTaKPUIOBOIO KUCJIOTOI0 (IIMAK) HaHOKJIACTePH cpibia
(AgNCs(@PMAA). Ha ocHoBi racinms dayopeciienIlii, BUKJIMKAHOTO B3aEMOJI€I0 ceMiBaleHT-
Hux iomis maprammio 3 AGQNCS(@PMAA, 6yB cTBOpeHUIl BHCOKOUYTIMBUII MeTO[ BUABJICHHS
ceMiBaJeHTHUX ioHIB mMapranifio. PesyabraTu mOKasyoTh, 110 IpU ONTHMIizallil ymoB peaxiiii
mpurorosieri AGNCs(@PMAA MaioTh ogHOpimHuii Mamuii HaHOMeTPOBHUII posMip i cuabHy
MIOMiHecIeHITiI0 B 6mkHINE indpadvepsoniii obmacti. AQNCS@PMAA MosxHA BIKODPHUCTOBYBA-
T SK BHCOKOUYTIUBUI (IyopeclieHTHUIN B30HI IJA BUABJEHHS ceMiBaJIeHTHUX ioHIB Map-
rammro. 30HJA JeMOHCTpPye BiAMinHI XaparTrepumerTuru: sMina inreHcuBHocTi duyopeciieniril
AgNCs@PMAA wmaec xXopommy mIiHiliHy saleHicTh Bifi KoHIeHTpallili ceMiBaleHTHUX ioHIiB
MapTraHIifio, a foro JiHiiHUN gianasoH craHoBuThb 0,5 Mir/ma—90 MKr/m; minimMmanbHa MexKa
Buasnernud 0,28 Mrr/mia. DuyopeclieHTHUN 30HI Ma€ TapHe IpaKTHYHe 3HAUEHHSA i ITepcleK-
TUBU 34CTOCYBAHHA, a TaKOMK 3abesleuye HOBUH Hmigxim i TeopeTmury migTpUMKYy AjIA BUAB-
JIEHHA KAaTioHiB MeTaiiB.
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1. Introduction

In recent years, the unique properties of
precious metal nanoclusters have received
extensive attention in the field of analytical
chemistry; there are also reports [1-3] that
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use metal nanoclusters as fluorescent probes
to detect heptavalent manganese ions. Com-
pared with other luminescent nanoparticles
such as quantum dots [4-6], silver nano-
clusters have a small size, low cost, good
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Fig. 1. Effect of reaction time (a), magnetic stirring speed (b), amount of silver nitrate (c) and
amount of 1% polymethacrylic acid (d) on fluorescence intensity of AQNCs@PMAA.

biocompatibility, and low environmental
risk, and are very promising elements for
preparing nanoclusters. Therefore, the re-
search and application of AgNCs has gradu-
ally attracted the attention of researchers
in recent years [7, 8]. Polymethacrylic acid
(PMAA) has been commercialized and is a
polymer rich in carboxyl groups, which is
simpler and more economical than pre-
viously used polymer microgels or den-
drimers as matrices; it is an ideal synthetic
template and protective agent for silver
nanoclusters [9-11].

In this paper, PMAA was used as a tem-
plate, and the method of ultraviolet irradia-
tion was used to prepare water-soluble fluo-
rescent silver nanoclusters. Based on the
fact that heptavalent manganese ions can
induce the  fluorescence change of
AgNCs@PMAA, a detection method for hep-
tavalent manganese ions is examined on real
samples.
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2. Experimental

Reagents and instruments

Transmission electron microscope (Japan
Electronics Co., Ltd.); Fluorescence spectro-
photometer (Agilent Technologies Co.,
Ltd.).

Silver nitrate (Sinopharm Group Chemi-
cal Reagent Co., Ltd.); polymethacrylic acid
(Tianjin Dingshengxin Chemical); heptava-
lent manganese ion (Tianjin Damao Chemi-
cal Reagent Factory) and other reagents are
analytically pure.

Synthesis of AQNCS@PMAA

10 mL of 0.05 M silver nitrate and
10 mL of 1 % polymethacrylic acid were ac-
curately added in a 50 mL small beaker.
The reaction solution was stirred at room
temperature for 60 mins under UV light ir-
radiation. The color of the reaction solution
changed to yellow, AQNCS@PMAA was ob-
tained, and was ready for use.

Functional materials, 29, 2, 2022
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Fig. 2. a — UV-visible spectrum of AGQNCS@PMAA; b — HRTEM image of AQNCs@PMAA.

Interference experiment

Metal ions (Zn?*, Pb2*, Na*, Fe2*, Mn2*,
Cu?*, Mn®*) 1 mg/mL 100 uL were added in
AgNCs@PMAA to measure the change of
the fluorescence emission intensity of
AgNCs@PMAA.

3. Results and discussion

Optimization of preparation conditions of
AgNCs@PMAA

Polymethacrylic acid is the ligand and
silver nitrate is the raw material. Under
ultraviolet irradiation, AgNCS@PMAA is
synthesized in one step. First, the effects of
reaction time, stirring rate and reactant
concentration on  the synthesis of
AgNCs@PMAA were investigated, and the
reaction conditions were optimized. As
shown in Fig. la, as the reaction time in-
creases, the intensity of the fluorescence
emission peak of AgGNCS@PMAA becomes
stronger and tends to stabilize after 1 h;
therefore, the reaction time was selected to
be 60 min. When the rotation speed (Fig.
1b) increases, the fluorescence intensity of
AgNCs@PMAA also increases. When the ro-
tation speed reaches the maximum value of
the instrument 900 r/min, the fluorescence
emission peak intensity is the strongest, so
the reaction speed was selected to be
900 r/min. It can be seen from Fig. lc and
1d that the optimal addition amounts of sil-
ver nitrate and polymethacrylic acid are
0.05 M and 1 %, respectively. Through the
optimization of the reaction conditions, the
best reaction conditions were obtained: the
reaction time is 60 min, the rotation speed
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is 900 r/min, the amounts of silver nitrate
and polymethacrylic acid are 0.05 M and
1 %, respectively.

Characterization
AgNCs@PMAA

Fig. 2a shows an ultraviolet-visible spec-
trum of silver nanoclusters. From the fig-
ure, the maximum absorption wavelength of
the prepared AgNCs@PMAA is 430 nm.
Under the 865 nm ultraviolet lamp, it emits
orange-red light. Fig. 2b shows an HRTEM
image of AGNCS@PMAA. The selected area
electron diffraction of AgNCs@PMAA
shows obvious symmetrical diffraction
spots, and its lattice fringes can be clearly
observed. The calculated lattice spacing is
0.292 nm. This spacing is very close to the
(101) crystal plane spacing of silver nano-
clusters 0.2915; thus, it was attributed to
the silver nanoclusters (101) crystal planes
[12]. Tt can be seen from Fig. 2b that the
particles of AgNCS@PMAA are spherical
and have good dispersion. From the TEM
image, a particle size of about 2.9 nm can
be calculated, and the particle size distribu-
tion is relatively uniform.

Establishment of detection method for

and properties of

heptavalent manganese ion by
AgNCs@PMAA

As shown in Fig. 8a, the maximum fluo-
rescence excitation wavelength of

AgNCs@PMAA is 510 nm, the maximum
emission wavelength is 610 nm, the emis-
sion wavelength is in the near infrared re-
gion, and has strong fluorescence intensity.
With an increase in the heptavalent manga-
nese ion concentration, the emission inten-
sity of AGQNCs@PMAA decreases gradually.
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Fig. 8. a — Change in the fluorescence intensity of AQNCS@PMAA depending on the concentration
of the heptavalent manganese ions; b— The linear diagram of the relationship between F;, — F of
AgNCs@PMAA and the concentration of heptavalent manganese ions.

When the concentration of heptavalent
manganese ions increases to 90 ug/mL, the
AgNCs@PMAA emission peak is almost
completely quenched and shifted to blue,
which indicates a strong interaction be-
tween heptavalent manganese ions and
AgNCs@PMAA. As shown in Fig. 3b, there
is a good linear relationship between the
concentration of heptavalent manganese
ions in the range of 0.5-90 ug/mL and the
change of fluorescence emission peak inten-
sity of AQNCS@PMAA. The linear equation
was F — Fy = 21.2818C + 21.7107, the cor-
relation coefficient RZ = 0.9973, and the
minimum detection limit was 0.28 pug/mL.

Selective experiment

To apply the developed fluorescence de-
tection method to actual samples, the possi-
ble interfering substances ZnZ*, PbZ*, Na*,
Fe2*, Mn2*, Cu2*, Mn®* were additionally in-
vestigated for the AgNCsS@PMAA fluores-
cence emission intensity (Fig. 4). The ex-
perimental results show that at the same
concentration of interfering ions, only hep-
tavalent manganese ions have a clear
quenching in the fluorescence emission spec-
trum of AgNCsS@PMAA, indicating that
AgNCs@PMAA has a high selectivity for
heptavalent manganese ions and will be
more beneficial for use in testing actual
samples.

Analysis of heptavalent manganese ion in
actual samples

Using AgNCs@PMAA as a fluorescent
probe, a detection method for heptavalent
manganese ions was developed, which was
further applied to the detection of heptava-
lent manganese ions in real water samples.
The actual water samples have not under-
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AgNCs@PMAA.

interfering ions on

gone any other pretreatment except for
proper dilution. The results are shown in
Table 1. The average reduction rate of hep-
tavalent manganese ions in real samples de-
tected by this method is between 97.47 %
and 99.45 %, and the relative standard de-
viation values are less than 1.43 %, which
proves that this method has good reproduci-
bility and accuracy. This method can be
used for the analysis of heptavalent manga-
nese ion content in actual samples.

4. Conclusions

Using PMAA as a ligand, AQNCS@PMAA
with good luminescence was synthesized,
and a method for detecting heptavalent
manganese ions using AgNCS@PMAA as a
fluorescent probe was developed. The detec-
tion range of this method is 0.5-90 ug/mL,
the minimum detection limit is 0.28 ug/mL;
the method was applied to determine hep-
tavalent manganese ions in real water sam-

Functional materials, 29, 2, 2022
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Table 1. Determination results of heptavalent manganese ions in real samples (n = 3)

Sample Spike, pug/mL Found, ug/mL RSD, % Recovery, %
1 20.00 19.89 1.24 % 99.45
2 30.00 29.24 1.48 % 97.47
3 40.00 39.49 0.97 % 98.73

ples. The results prove that the method of
AgNCs@PMAA synthesis has simple steps
and mild preparation conditions, and the de-
veloped detection method using
AgNCs@PMAA has low detection limit and
high sensitivity, which provides a theoreti-
cal basis for the application of this probe in

other related fields.
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