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Abstract: In this study, cationic polymer dots (CPDs) were fabricated for the efficient detection of perrhenate anions,
which is a radioactive pertechnetate surrogate, in aqueous solutions. The CPD fluorescence intensity decreased significantly
with increasing perrhenate concentration following the Langmuir isotherm model. The detection limit was 0.0102 pM,
which is extremely low compared to that in previous reports. According to the hard-soft acid-base theory, CPDs showed
negligible fluorescence changes for hard base anions, such as chloride, nitrate, and sulfate. However, for soft base anions,
such as perrhenate and iodide, the fluorescence intensity considerably decreased. For iodide, the decrease was uniform
over the entire emission range, resulting in simple quenching. For perrhenate, the decrease was smaller at 470 nm than
that at 410 nm, resulting in a fluorescence color shift from blue to cyan. Thus, CPDs can selectively detect perrhenate
in aqueous solutions by monitoring the fluorescence color and intensity changes.
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Introduction

One possible source of radioactive waste is technetium,
which is produced during the generation of nuclear power.
Technetium can harm human health by accumulating in the
thyroid gland and intestines if leaked into the environment and
ingested."* Technetium has a long half-life of 2.13x10° years
and typically exists in its most stable oxidation state as pertech-
netate (TcOy).>” Pertechnetate is physiologically toxic, highly
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soluble, and easily mobile in the environment, contaminating
groundwater and entering the human body via aquatic organ-
isms.’ Because pertechnetate is radioactive, it cannot be used
directly in laboratories. Therefore, perrhenate (ReO,), a non-
radioactive material with a similar size, geometry, and hydra-
tion energy, can be used as an experimental surrogate.**
Various methods exist for the analysis of anions in aqueous
solutions, such as ion chromatography (IC), mass spectrometry
(MS), inductively coupled plasma atomic emission spectroscopy
(ICP-AES), and fluorescence sensors.”'’ IC, MS, and ICP-AES
can provide quantitative analysis and high sensitivity; however,
they have drawbacks, such as requiring large and costly equip-
ment, high initial and maintenance expenses, skilled personnel
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requirements, complicated pretreatment procedures, and oper-
ator-dependent results.>!' In contrast, fluorescent sensors made
from nanoparticles are simple and advantageous in terms of
visual detection, high sensitivity, and low background interfer-
ence.? Therefore, fluorescent sensors are attracting increasing
research interest.

Nanoparticles used in fluorescent sensors include gold,"
semiconductor quantum dots,"* and carbon quantum dots (CQDs).
Gold nanoparticles are easy to synthesize and bind to reactive
ligands, such as phosphines, amines, and thiolates. Moreover,
their sizes and shapes can be varied by modifying their syn-
thesis methodology. However, they tend to easily aggregate
and are expensive."” Semiconductor quantum dots have out-
standing optical properties and exhibit high quantum yields,
but they have disadvantages, such as low dispersibility and
high toxicity."

This study used CQDs as a fluorescence sensor to overcome
the drawbacks of using gold nanoparticles and semiconductor
quantum dots. CQDs are zero-dimensional materials with sizes
< 10 nm that were discovered in 2004 during the purification
of carbon nanotubes."”'® They have a central core of sp* and
sp® hybridized carbon atoms and a surface containing various
functional groups. The optical properties and colors of CQDs
can be adjusted by controlling the surface functional groups, in
addition to the quantum confinement effect.'”” Moreover,
CQDs have advantages, such as high photostability, high pho-
toluminescence, photobleaching resistance, low toxicity, high
biocompatibility, simple synthesis, excellent solubility, and
cost-effectiveness. These advantages render them suitable for
applications in bioimaging, photocatalysis, drug delivery, LEDs,
solar cells, and fluorescence sensors.'>'®

Based on their structure and properties, CQDs are classified
as graphene quantum dots (GQDs), carbon nanodots (CNDs),
and polymer dots (PDs)."** GQDs are carbonized from one or
more layers of two-dimensional graphene. They are anisotro-
pic with an average size of < 100 nm and a width larger than
the height of the graphene layers."'**'* CNDs can be divided
into two types: those with and those without crystal lattices.
The CNDs without a crystal lattice have a glassy carbon com-
position and an amorphous quasi-spherical shape. CNDs with
a crystal lattice have an average interlayer distance of 0.34 nm.'**!
PDs are synthesized from precursors such as linear polymers,
monomer aggregates, and cross-linked polymers. These pre-
cursors have polymerizable groups such as hydroxyl (~OH),
carboxyl ((COOH), amine (-NH,), and double bonds (—C=C).
Therefore, PDs have a polymer/carbon hybrid structure char-

acterized by both CQDs and polymers. CNDs have a boundary
between the CQD core and functional groups, whereas PDs do
not.l9,23

CQDs can be prepared using top-down or bottom-up meth-
ods. The top-down method decomposes large carbon-based
precursors, such as activated carbon, carbon nanotubes, graph-
ite, and graphene, using strong physical energy. Examples of
the top-down methods include electrochemical oxidation,*
laser ablation,” and arc discharge.” The top-down method has
drawbacks, such as complicated conditions, large equipment
requirements, high initial cost, and long synthesis time. The
bottom-up method uses molecular organic materials and poly-
mers as precursors. Examples of the bottom-up methods include
microwave,” ultrasonic,”® and hydrothermal syntheses.”” The
bottom-up method has the advantage of using inexpensive
materials to easily fabricate CQDs; therefore, it is widely used.
Hydrothermal synthesis is a bottom-up method involving the
preparation of CQDs by heating a precursor at high tempera-
tures. The size and shape of the CQDs are adjusted by controlling
the temperature, time, and pressure. In this study, a relatively
simple hydrothermal synthesis method was used to prepare
CQDs.

As an oxoanion in aqueous media, the perrhenate anion is
challenging to detect using fluorescence sensors because of its
low charge density and large size.***' Previous studies have used
fluorescent sensors, such as 1-pyrenemethylamine,® auramine
0, and thioflavin-T,*' to detect perrhenate anions. These sen-
sors are rapid and simple but costly and have high detection
limits of 14, 270, and 260 uM. Recently, we developed CQDs
as a fluorescent sensor for detecting perrhenate anions.** This
sensor had a lower detection limit and cost than that for pre-
vious sensors. However, the fabricated CQD sensor had a low
zeta potential despite its cationic surface charge. To improve
the interaction between CQDs and perrhenate anions, and thus
enhance anion detection, the surface charge should be increased.

PDs are synthesized from precursors containing functional
groups, such as amine or hydroxyl groups. A previous study
reported the synthesis of cationic PDs via a hydrothermal method
using the amine-containing polyethyleneimine as a precursor.****
In this study, PDs with high positive surface charges were syn-
thesized using polydiallyl dimethyl ammonium chloride (polyDDA)
as the precursor. PolyDDA has cationic properties, a high car-
bon content, amine functional groups, and spontaneous spher-
ical micelle structures.’® The synthesized PDs were then used
to detect perrhenate anions in aqueous solutions.
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Experimental

Reagents. PDs were synthesized from a polyDDA solution
((CgH¢NCl),, average M,, < 100000, Sigma-Aldrich, 35 wt%,
USA) and deionized water. A dialysis bag (Spectra/Por Dial-
ysis Membrane, prewetted RC Tubbing, MWCO 14000 Da)
was used to purify the PDs. For the fluorescence and selective
detection experiments, sodium perrhenate (NaReO,, Sigma-
Aldrich, 99.99%, USA), sodium iodide (Nal, Sigma-Aldrich, >
99.0%, USA), sodium chloride (NaCl, Sigma-Aldrich, > 99.0%,
USA), sodium nitrate (NaNO;, Sigma-Aldrich, > 99.0%, USA),
and sodium sulfate (Na,SO,, Sigma-Aldrich, > 99.0%, USA)
were used.

Syntheses. Using a hydrothermal method, PD was synthe-
sized by filling an autoclave with polyDDA (10 mL) and heat-
ing the material at 200 C for 10 h before cooling it to 20 C.
The resulting solution was diluted using distilled water (20 mL)
and sonicated for 20 min (Ultech, JAC-5020, Korea). The solu-
tion was then centrifuged at 3500 rpm for 30 min (Daihan Sci-
entific, Cef-D50.6, Korea) to remove any carbon lumps and
obtain a dark brown supernatant. The supernatant was dialyzed
for 1 d to eliminate unreacted substances and then evaporated
using a rotary evaporator (Buchi, R-200A, Korea) to yield a
sticky material. The material was finally vacuum-dried at 60 C
for 1 d to produce dark brown cationic polymer dots (CPDs).
The synthetic procedure of the CPDs is shown in the Support-
ing Information (Figure S1).

Characterization. Field emission transmission electron micros-
copy (FE-TEM, FEI Company, Titan G2 ChemiSTEM Cs Probe,
USA) was used to examine the morphology and size of the CPDs.
X-ray diffraction (XRD, Malvern Panalytical, Empyrean, UK)
was employed to determine the crystallinity and interlayer
spacing of the CPDs. A zeta potential analyzer (Malvern Pan-
alytical, Zetasizer Nano ZS, UK) was used to measure the CPD
zeta potential. Thermogravimetric analysis (TGA, TA Instru-
ments, TGA 55 System, USA) was performed to evaluate the
thermal stability of the CPDs. Fourier-transform infrared spec-
troscopy (FTIR, Thermo Scientific, Nicolet Summit, USA)
and X-ray photoelectron spectroscopy (XPS, Thermo Fisher,
Nexsa, USA) were used to identify the chemical bonding states
and surface functional groups of the CPDs. The fluorescence
properties of the CPD sensor and its response to perrhenate
and other anions were investigated using a fluorospectropho-
tometer (Agilent Technologies, Cary Eclipse, USA). An ultra-
violet-visible (UV-Vis) spectrophotometer (Thermo Scientific,
Thermo Evolution One, USA) was employed to record the
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absorbance spectra of CPDs and the anions.

Fluorescence Experiments. A fluorospectrophotometer
was used to record the CPD emission spectra at different exci-
tation wavelengths. The concentration of the CPD aqueous solu-
tion was 250 ppm, and the excitation wavelength ranged from
310 to 490 nm in 20 nm increments.

In addition, the fluorospectrophotometer was employed to
investigate the fluorescence response of the CPDs to different
anions, such as perrhenate (ReO,), iodide (I"), chloride (CI"),
nitrate (NO;"), and sulfate (SO,*"). The fluorescence spectra of
the aqueous CPD solutions were obtained immediately after
adding the anions. The concentration of the CPDs remained at
250 ppm, and the anion concentrations varied from 0 to 2500 pM
with 10 different values (0, 0.5, 5, 50, 100, 200, 300, 400, 500,
1250, and 2500 puM).

Results and Discussion

Characterization. Using a polymer with an amine group as
the precursor for the hydrothermal synthesis of PDs results in
crosslinking and entanglement with increasing temperature.
This forms long chains and coils that become dense and stable
as crosslinking advances inside the coils. As carbonization pro-
gresses, the polymer structure diminishes, and fine crystalline
regions and lattice-like internal structures emerge. The degree of
carbonization influences the fluorescence of the PDs. Incom-
plete carbonization enables polymer chains to act as functional
groups and display high reactivity and fluorescence. However,
complete carbonization eliminates the functional groups and
reduces the fluorescence.”® The following characterizations
were performed to investigate the successful synthesis of the
CPDs, which contain amine functional groups and exhibit flu-
orescence, from the polyDDA precursor.

The shape and particle size of the CPDs were characterized
using FE-TEM analysis after ultrasonic dispersion in ethanol.
The acceleration voltage used for the measurements was
200 kV, and the result is shown in Figure 1. The CPDs pre-
sented as quasi-spherical particles with sizes ranging from 5 to
8 nm, without clear boundaries between the functional groups
and cores. These features are consistent with the typical prop-
erties of PDs.

The crystallinities and interlayer spacings of the prepared
CPDs were measured using XRD. Cu Ka rays (A =1.54 nm)
were used for the measurement, and the generator voltage and
tube current were 40 kV and 30 mA, respectively. XRD dif-
fraction peaks appear at the 20 values of 16.295°, 21.888°,
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Figure 1. Field emission transmission electron microscopy image of
the prepared CPDs.
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Figure 2. X-ray diffraction pattern of the prepared CPDs.

23.884°, and 27.534°, and the result is shown in Figure 2. Using
the Bragg equation, interlayer spacing values of 0.54, 0.41, 0.37,
and 0.32 nm corresponded to each 26 value. These results sug-
gest that the internal structure of PDs is relatively disordered,
despite the formation of a central core during the carbonization
process of polyDDA and the emergence of microcrystalline
regions and lattices.

The CPD surface prepared using the cationic polymer polyDDA
was expected to be positively charged. The zeta potential of the
CPDs dispersed in water was measured (Figure 3). The zeta
potential distribution of CPD was not symmetric; however, the
zeta potential was +33.9 mV. Aggregation is likely to occur when

400000 -----------

A T e :
£ 300000 |------omn s i e i S ;
= i 1 i
o | 1 |
© 200000 ----------- T || S R :
£ | : i
F 100000 f----------- R I/, W ooy ]

0 | 1 '
-100 100 200

Apparent Zeta potential (mV)
Figure 3. Zeta potential distribution of the prepared CPDs.

the absolute value of the zeta potential is close to zero but does
not occur when the absolute value is > 30 mV; instead, a stable
colloid is formed.*® Therefore, the prepared CPDs formed a
stable colloid and electrostatically interacted with the perrhen-
ate anion owing to its positively charged surface.

Thermogravimetric analyses of the CPDs and polyDDA
were performed, and the results are shown in the Supporting
Information (Figure S2). The weight change was measured
while heating up to 800 C at a heating rate of 20 C/min under
a nitrogen atmosphere. Moisture in the CPDs and polyDDA
was removed at approximately 100 ‘C, thereby decreasing the
weight of the samples. PolyDDA lost 15.1% weight during the
first thermal decomposition from 274.8 to 420.8 C. The sec-
ond thermal decomposition from 420.8 to 800 C resulted in
an additional 16.0% weight loss, leaving a residual amount of
4.5%. The CPDs lost 26.1% weight during the first thermal decom-
position from 300.9 to 429.9 C. The second thermal decom-
position from 429.9 to 800 C caused a 37.8% weight loss, leaving
no final residual. In both samples, the polymers broke and side-
chain fragments were separated in the first pyrolysis step, and
the pyrrolidine rings decomposed in the second step. This two-
step decomposition process is consistent with the typical ther-
mal decomposition behavior of polyDDA.*"** The onsets of
the first and second thermal decomposition of the CPDs were
26.1 and 9.1 C higher, respectively, than those of polyDDA.
This result indicates that the CPDs had a higher thermal sta-
bility than polyDDA, because polyDDA formed CQDs through
carbonization via hydrothermal synthesis. The residuals in polyDDA
appeared to be from chloride, which was removed from the
CPDs during the purification process.

The chemical bonding states of polyDDA and the CPDs
were analyzed using FTIR spectroscopy to verify the success-
ful synthesis of the CPDs (Figure 4). The attenuated total
reflection method with a diamond crystal module was used
for the measurement. PolyDDA had a N'—R, vibration peak at
961 cm ' and CH, and CH; vibration peaks at 2938 and
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Figure 4. Fourier-transform infrared spectroscopy spectra of (a)
polyDDA; (b) CPDs.

1472 cm™', respectively. The CPDs had similar peaks and a
C-N vibration peak at 1093 cm', indicating carbon core formation
via the carbonization reaction.” The CPDs were prepared using
polyDDA as the sole precursor, which preserved the amine groups
without degradation. These results confirm that CPDs with a
carbon core and an amine functional group were successfully
synthesized via a partial carbonization process.

The elemental composition and surface bonding state of the
CPDs were confirmed by the XPS spectrum of carbon, oxygen,
and nitrogen, and the result is shown in the Supporting Infor-
mation (Figure S3). The XPS survey spectrum of the CPDs
showed Cls, N1s, and Ols at binding energies of 286.1, 402.1,
and 532.0 eV, respectively. The atomic percentages of carbon,
nitrogen, and oxygen were 85.24%, 6.92%, and 7.85%, respec-
tively. The XPS analysis revealed high nitrogen and oxygen
contents, indicating that the functional groups were preserved
during the carbonization process. This result is consistent with
the FTIR results.

The chemical bonds constituting CPDs were confirmed using
high-resolution X-ray photoelectron spectroscopy (HR-XPS)
(Figure 5). The Cls HR-XPS spectrum of the CPDs showed
C=C and C—C bond energies of 284.4 and 285.5 eV, respec-
tively. The N1s HR-XPS spectrum exhibited a pyridine-based
C-N=C bond energy (398.9 ¢V) and pyrrolidine-based N*-R,
bond energy (401.7 eV). The C-N=C binding energy peak indi-
cated that a CQD core was produced, and the N'-R, binding
energy peak indicated that the functional group was preserved
during the carbonization process. Thus, the FTIR and XPS results
confirm that the prepared CPDs primarily comprised carbon,
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Figure 5. HR-XPS spectra of (a) Cls; (b) N1s of the CPDs.

and its surface contained quaternary ammonium, which could
act as a functional group.

Fluorescence Experiments. To investigate the excitation
wavelength dependence of the CPDs, the emission wavelength
was measured while increasing the excitation wavelength by
20 nm, from 310 to 490 nm, and the results are shown in the
Supporting Information (Figure S4). The CPDs exhibited a single
emission wavelength. As the excitation wavelength increased,
the maximum emission wavelength shifted to a longer wave-
length region, indicating that the emission wavelength of the
CPDs was dependent on the excitation wavelength.

The fluorescence intensity of the CPDs as a function of the
perrhenate anion concentration in an aqueous solution is shown in
Figure 6. Perrhenate anions absorb light at wavelengths < 300
nm.*” Therefore, the excitation wavelength chosen was 330 nm,
which showed the strongest fluorescence emission intensity
and did not cause an inner filter effect by the perrhenate anions
(Figure S4). The CPD concentration was fixed at 250 ppm,
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Figure 6. (a) Fluorescence intensity changes of the CPDs; (b) linear
line fitted with the Langmuir isotherm model of the fluorescence

intensity change ratio with the change in perrhenate anion concen-
trations.

and the perrhenate anion concentration was varied from 0 to
2500 puM. The fluorescence emission intensity decreases with
increasing perrhenate anion concentration, as shown in Figure
6(a). The fluorescence intensity change ratio, F (=1-/f), was
obtained at an emission wavelength of 410 nm, where f is the
fluorescence intensity of the perrhenate anions in aqueous
solution, and f; is the fluorescence intensity without perrhenate
anions. The fluorescence emission intensity change ratios of
the CPDs followed the Langmuir isotherm model (Equation

( ] ))'40,41

F KC

F. - TTKC M

Here, C is the perrhenate anion concentration in the aqueous

phase (UM), F,, is the maximum fluorescence intensity change
ratio, and K is the Langmuir constant (uM ). This equation
can be linearized as shown in Eq. (2).

c_1 C
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The results from the experiment were plotted using this lin-
ear equation, as shown in Figure 6(b). The graph had a high R*
value of 0.995, confirming that the CPD fluorescence emission
intensity change ratio and perrhenate anion concentration fol-
low the Langmuir isotherm model. The maximum fluorescence
change ratio F;, was 0.885, and the Langmuir constant K was
0.00652 uM . The limit of detection (LOD) for the perrhenate
anion by the CPDs was calculated from 30/S, where o is the
standard deviation of the blank experiment and S is the slope
of the fluorescence intensity change ratio versus the perrhenate
anion concentration. The corresponding values are 0.00459 and
1.35, respectively. The LOD was 0.0102 uM, which is relatively
low compared to the detection limits reported in previous stud-
ies.>***? The comparison of the performance of the CPD with
that of other sensors for detecting perrhenate anion is shown in
the Supporting Information (Table S1).

The fluorescence changes in the CPDs for different types of
anions were measured to compare their characteristics. lodide,
chloride, nitrate, and sulfate anions were used in the experi-
ment. All anions emitted the strongest fluorescence at 410 nm
when excited with 330 nm light, similar to the previous exper-
iment on perrhenate anions. As shown in Figure 7, chloride,
nitrate, and sulfate anions show almost no decrease in fluores-
cence intensity. However, the iodide anion showed a signifi-
cant decrease in the fluorescence intensity, similar to that of the
perrhenate anion (Figure 7(a)). This decrease in fluorescence
intensity for iodide and perrhenate anions can be explained by
the hard-soft acid-base (HSAB) theory. According to this the-
ory, chemicals with similar properties have stronger affinities
for each other.* Generally, hard acids or bases have small
sizes, high effective nuclear charges, and low polarizability,
whereas soft acids or bases have the opposite properties. The
CPDs used in this study were prepared using polyDDA as the
precursor, and contained a carbon core and amine functional
groups. The quaternary ammonium functional group (N*-R,)
is a large, positively charged functional group. Therefore,
CPDs had a high affinity for iodide and perrhenate anions,
which are relatively large soft-bases. Moreover, CPDs had a
low affinity for hard base anions, such as chloride, nitrate, and
sulfate.

Polym. Korea, Vol. 49, No. 2, 2025
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Figure 8. Fluorescence intensity change ratios according to the
anion species ReO,, I, CI', NO; ", and SO,* at an excitation wave-
length of 330 nm.

The maximum fluorescence change ratios for the different
types of anions were compared, as shown in Figure 8. The same
excitation wavelength of 330 nm was used, and the fluores-

Z2H, A|4998 A2%, 20253

cence change ratio at 410 nm, which is the maximum emission
wavelength, was measured. The CPD and anion concentrations
were 250 ppm and 2500 uM, respectively. The measurement
results showed that the fluorescence change ratios for perrhen-
ate and iodide anions were 0.71 and 0.73, respectively, which
are consistent with the HSAB theory. The fluorescence change
ratios for chloride, nitrate, and sulfate anions were 0.0045,
0.16, and —0.094, respectively, which were extremely small.
The effect of anions on the fluorescence color change of the
CPDs in aqueous solution was examined. A fluorescence pho-
tograph was captured after the CPD solution mixed with each
anion was excited using a 365 nm UV lamp. The concentra-
tions of the CPDs and anions were 250 ppm and 2500 uM,
respectively. As shown in Figure 9, the fluorescence of the
CPDs did not change in the presence of chloride, nitrate, and
sulfate anions, compared to that in distilled water. These results
are consistent with the experimental results abovementioned.
However, for the perrhenate anion, the fluorescence of the
CPDs changed from blue to cyan (Figure 9(b)). For the iodide
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Figure 9. Fluorescence photos of the CPDs according to anion species: (a) distilled water; (b) ReO,; (c) I'; (d) CI', (e) NO5~; (f) SO,> at

an excitation wavelength of 365 nm.

anion, the fluorescence color did not change, but the overall
fluorescence decreased, and quenching occurred (Figure 9(c)).
To further investigate the difference in fluorescence character-
istics between the perrhenate and iodide anions, the change in
fluorescence intensity at an excitation wavelength of 365 nm
was measured, and the results are shown in Figure 10. Similar
to the previous experiment, the concentrations of the CPDs and
anions were 250 ppm and 2500 puM, respectively. As shown in
Figure 10(c), the iodide anion decreases the overall fluores-
cence intensity across all wavelength regions. However, for the
perrhenate anion, the decrease in fluorescence intensity was
relatively small at 470 nm, which is within the green wave-
length range, whereas the fluorescence intensity considerably
decreased at 410 nm, which is within the blue wavelength
range (Figure 10(b)). Accordingly, the perrhenate anion exhib-
ited a more pronounced reduction in fluorescence intensity at
410 nm compared to 470 nm, resulting in a shift from blue to cyan
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Figure 10. Fluorescence intensity changes of the CPDs: (a) distilled

water; (b) perrhenate; (c) iodide anions at excitation wavelength of
365 nm.

in the observed coloration. This suggests that the fluorescence
emission wavelength region of the CPDs varies depending on
the anion, thus resulting in different fluorescence characteris-
tics for the perrhenate and iodide anions. This result implies that
CPD can be used to selectively detect perrhenate anions.

To determine how the perrhenate anion quenched the CPDs,
three solutions were prepared: CPD aqueous solution (250 ppm),
perrhenate anion aqueous solution (2500 uM), and CPD aque-
ous solution (250 ppm) with the perrhenate anion (2500 pM).
UV-Vis spectroscopy was used to measure the absorbance of
each solution (Figure 11). The absorbance of the mixed solution
of CPDs and perrhenate anions was lower than that of pure
CPDs. These results suggest that static quenching occurs when
the CPDs and perrhenate anions, which have opposite surface
charges, form nonfluorescent complexes via electrostatic inter-
actions. Figure 12 shows a schematic diagram of how the CPDs
detect perrhenate anions using this static quenching mechanism.
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Figure 11. Ultraviolet-visible (UV-Vis) absorbance spectra of (a)
CPD aqueous solution (250 ppm); (b) CPD aqueous solution (250

ppm) with perrhenate anion (2500 pM); (c) perrhenate anion aque-
ous solution (2500 puM).
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Conclusions

CPDs, with a positive surface charge, were prepared via
hydrothermal synthesis using polyDDA, a cationic polymer, as
the precursor for the detection of perrhenate anions in aqueous
solutions. The CPDs formed a stable cationic colloid with a
surface charge of +33.9 mV and quasi-spherical particles with
an average size of 5-8 nm without core-functional group bound-
aries. The CPDs had a higher thermal stability than its precur-
sor, polyDDA, and primarily comprised a carbon core and a
peripheral functional group of N*—R,. The CPDs exhibited
excitation dependence, shifting its emission wavelength to lon-
ger regions as the excitation wavelength increased, and attained
a maximum fluorescence emission intensity at an excitation
wavelength of 330 nm. The fluorescence intensity of the CPDs
decreased as the concentration of perrhenate anions increased.
The fluorescence intensity change ratio followed the Langmuir
isotherm model well, and the detection limit was 0.0102 puM,
which is lower than in previous studies. The CPDs had a rel-
atively large, positively charged functional group. Consistent
with the HSAB theory, the soft bases (i.e., perrhenate and iodide
anions) showed a decrease in fluorescence intensity. The hard
bases (i.e., chloride, nitrate, and sulfate anions) did not signifi-
cantly affect the fluorescence intensity. Moreover, when excited
at 365 nm, the iodide anion decreased and quenched the flu-
orescence intensity over the entire wavelength range of 410—
470 nm. However, the perrhenate anion decreased the fluores-
cence intensity to a greater extent at 410 nm than at 470 nm,
changing the color from blue to cyan. This indicates the poten-
tial for the selective detection of the perrhenate anion. The pos-
itive surface charge of the CPDs likely electrostatically interacted

Zan, A]4948 A25, 20253
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Figure 12. Schematic of the fluorescence quenching mechanism of the CPDs and perrhenate anions.

with the perrhenate anion to form a non-fluorescent complex,
thereby resulting in static quenching. This study confirmed the
detectability of perrhenate anions by CPDs. However, further
research is required to develop a material that exhibits a more
pronounced fluorescence color change for the perrhenate anion
and a brighter fluorescence with a higher quantum yield for the
applications of the CPDs in a real-world water environment.
Additionally, it is essential to develop a material in which the
fluorescence change is linear over a broad range, rather than
following a Langmuir isotherm for changes in perrhenate anion
concentration.
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