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Investigation into the competitive quenching mechanism of Cu*" and
Fe’ on nitrogen-doped carbon dots based on

a four-state kinetic model
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Abstract: Due to the in-situ antagonism and site competition during multi-ion coexistence in real water en-
vironments, traditional linear sensing models often fail. In this study, nitrogen-doped carbon dots (N-CDs)
synthesized via a one-step hydrothermal method were used as a platform to investigate the microscopic re-
sponse mechanism in Cu** and Fe** coexisting systems by constructing a 2D cross-fluorescence response
matrix. Firstly, the fluorescence quenching evolution under different interference backgrounds was experi-
mentally observed. The results showed that under a high concentration Cu** background, the fluorescence re-
sponse induced by Fe*" exhibited significant nonlinear shifts and quenching stagnation, confirming the in-

tense exclusive competition between the two ions at the nano-interface. Subsequently, to analyze this nonlin-
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ear process, a "four-state physical kinetic model" was constructed based on the principle of detailed balance,

and a global response analytical expression containing the thermodynamic synergy factor (a) was derived.

Finally, a global surface fitting was performed on the experimental response matrix using the theoretical

model. The results demonstrated a high degree of agreement between the theoretical fit and experimental

data, yielding a synergy factor of @ = 0.015. This extremely low value quantitatively confirms the extreme

physical shielding and electrostatic repulsion effects constructed by high-valent ions. This study transforms

cross-interference into quantifiable intrinsic thermodynamic parameters providing a solid theoretical founda-

tion for nonlinear signal decoding and interface kinetics research in complex systems.

Key words: nitrogen-doped carbon dots; Fluorescence quenching; Cross-interference; Non-equilibrium stat-

istics
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Fig. 1 Transmission electron microscopy (TEM) image of
the nitrogen-doped carbon dots (N-CDs). The inset

shows the corresponding particle size distribution

histogram.
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Fig.2 X-ray diffraction (XRD) pattern of the nitrogen-
doped carbon dots (N-CDs). The inset shows the
corresponding Fourier transform infrared (FTIR)

spectrum.
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Fig. 3 Quantitative quenching response of N-CDs to individual metal ions. Linear fitting curves of the relative fluorescence

intensity (F/F0) versus the concentration of (a) Cu2+ and (b) Fe3+ for the determination of limits of detection (LOD).
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Fig. 4 (a) Gaussian peak-fitting of the N-CDs fluorescence emission spectrum, showing the two emission channels at 465 nm

and 500 nm; (b) Evolution of fluorescence spectra during Fe3+ titration under a fixed Cu2+ (200 uM) background.
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