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Mechanisms of quenching of photoluminescence of carbon dots by metal

cations
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The sensitivity of photoluminescence of carbon dots (CDs) to the presence of ions in the environment opens up

prospects for creating optical nanosensors for heavy metal cations based on CDs, which requires knowledge of the

mechanisms of the influence of ions on the photoluminescence characteristics of these nanoparticles. In this paper,

for the CDs of hydrothermal synthesis the mechanisms of the quenching of their photoluminescence by five metal

cations: Fe3+, Cr3+, Co2+, Pb2+, Mg2+, were determined. It was found that for all ions a dynamic mechanism of

quenching of photoluminescence of CDs makes a great contribution.
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Carbon dots (CD) represent a wide class of zero-

dimensional carbon nanomaterials, combining nanoparticles

of different structures, compositions, synthesis methods

and, as a consequence, having different properties [1,2].
Thus, the photoluminescence spectrum (PL) of CD can

occupy the range from UV to IR [2], and the PL quantum

yield ranges from fractions of a percent to 90% [2] .

Photoluminescence of CD can originate from the carbon

core of nanoparticles or be caused by local surface states [3].
The surface PL of nanoparticles is significantly affected by

the environment: pH value [4], temperature [5], interactions
with ions and molecules in the medium [6]. Based on this

influence, sensors of environmental parameters of the CD,

including metal ions (Me), which quenchh the PL of

the CD, are being developed [6,7]. It is obvious that for the
effective development of such nanosensors it is required to

know the mechanisms of the influence of the environment

on the PL of CD.

The most accepted classification of PL quenching mech-

anisms consists in the division of molecular mechanisms:

dynamic (including FRET, PET, DET) and static types of

quenching [8]. The static quenching mechanism is due

to the fact that some of the phosphors of nanoparticles

form non-photoluminescent complexes with quenchers. As

a result of dynamic quenching, for example, collisions of CD

with solution particles, a new channel for the decay of

the excited state of phosphors appears. In multicomponent

solutions, the internal filter effect can play a significant role,

i. e. (re)absorption of exciting light and PL nanoparticles

by solution components [8]. The mechanisms of formation

and quenching of PL of specific CD, even within the class

of CD of hydrothermal synthesis, depend on many factors:

quenching by the same ion Fe3+ can occur due to both

dynamic [9] and static [10] mechanisms. Therefore, it

is required to study the mechanisms of the influence of

environmental parameters on the FL of CD for each specific

task.

In this work, the mechanisms of photoluminescence of

CD quenching of hydrothermal synthesis by metal

cations Fe3+, Cr3+, Co2+, Pb2+, Mg2+ in water, some

of the most common in process and waste waters, were

studied [11]. CD were synthesized from citric acid and

ethylenediamine (1 : 1) by hydrothermal synthesis (for a

detailed description of the synthesis and characterization

of CD, see [12]). The objects of the study were solutions

of CD with the addition of nitrates of the above cations

in redistilled deionized water. The concentration of CD in

all the experiments was equal to 0.005 g/l, the concentration

of Me cations varied from 0 to 1mM with steps of 0.1mM.

The optical absorption spectra of all CD solutions

with Me salts were obtained on a Shimadzu UV-1800

spectrophotometer, and PL spectra on a Shimadzu RF-

6000 spectrofluorimeter. The optimal excitation for the PL

of the studied CD is radiation at a wavelength of 345 nm

(Fig. 1, a). As a result of analysis of the PL spectra, it was

found that the interaction of CD with all studied Me cations

leads to a decrease in the PL intensity with increasing Me

concentration (Fig. 1, b). It should be noted the peculiarity

of the ions Fe3+, which have significant absorption in the

PL CD 400-550 nm region (Fig. 1, a). This absorption

means that the main mechanism for quenching PL CD by

iron ions is the effect of the internal filter — (re)absorption
of incident light and PL by solutions of metal salts [8].
Other mechanisms of PL CD quenching by Me ions was

analyzed on the basis of PL spectra corrected for absorption

using the following formula [13]:

Icorr = I010
[

Ab(λexc )+Ab(λem )
2

]

, (1)
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Figure 1. (a) Optical absorption spectra of solutions of CD with salts of various Me (Me concentration 1mM) and (b) photoluminescence

spectra of solutions of CD with Cr3+salts with concentration in the range 0−1mM, adjusted for absorption.

where I0 and Icorr — PL signal intensity observed before

and after correction for absorbance; Ab — absorbance

of the solution; λexc and λem —excitation and emission

wavelengths. See Fig. 1 for the examples of the obtained

spectra, b.

To study the mechanisms of quenching of PL CD

by Me ions, the Stern-Volmer theory (SV) was used: the

dependences of the change in the integral intensity of

PL CD F0/F on the concentration of quenchers [Q] were
plotted, where F0 and F — intensity PL in the absence and

presence of a quencher with concentration [Q], respectively
(Fig. 2). It turned out that the obtained dependences are

either well approximated by a straight line, or are nonlinear

and deviate towards the abscissa axis. Linear dependence

in coordinates SV

F0/F = 1 + KSV [Q] (2)

corresponds to the presence of one of two possible mech-

anisms: static or dynamic; KSV — SV constant of the

corresponding process. The static quenching mechanism

implies the formation of non-luminous complexes with

quenchers by some of the phosphors, while dynamic

quenching implies the emergence of a new collision channel

for the disintegration of the excited state of the phosphors.

The resulting nonlinearity of the dependence in the SV coor-

dinates and its deviation towards the abscissa is explained by

the inaccessibility of a fraction of phosphors for quenching.

In the case where only the fraction f 1 of phosphors is

subject to quenching, dependence (2) is converted to the

form

F0/F = (1 + KSV [Q])/(1 + (1− f 1)KSV [Q]). (3)

Figure 2 and the table show the results of approximation

of the F0/F([Q]) dependences for all salts by function (3).
The analysis of the obtained dependences SV and

their approximations shows that the degree of quenching

by different ions PL CD can differ by three orders of
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Figure 2. F0/F([Q]) SV dependences for all the cations under

study. The dashed line shows the results of approximation of the

dependences by equation (3).

magnitude (Table). The accuracy of the approximation

depends directly on the degree of PL quenching: against

the background of weak quenching by the, Co2+, Pb2+, and

especially Mg2+ ions, the experimental measurement error

is large, which prevents the unambiguous determination of

the approximation parameters. For the Fe3+ and Cr3+ ions,

which significantly quench the photoluminescence, there is

a high quality of approximation of the SV dependences by

equation (3).

The quality of the obtained approximations suggests that

the quenching of CD by Me cations occurs mainly due

to one of two mechanisms — dynamic or static. To

understand which of these two mechanisms is responsible

for the observed PL quenching, the FL CD lifetimes were

measured. In the absence and presence of Me cations with a

concentration of 1mM in solutions, the lifetime of the main
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Results of approximation of the dependences F0/F([Q]) of quenching PL CD by salts of different cations by the function (3)

Ion Men+ KSV ,M
−1 Quenching fraction Coefficient

of phosphors f 1, % determinationR2

Fe3+ 11300± 500 82± 1 0.99967

Cr3+ 1500± 200 43± 3 0.99113

Co2+ 230± 200 100± 70 0.97273

Pb2+ 730± 30 39± 9 0.97084

Mg2+ 21± 14 95± 61 0.23144

component of the PL intensity varies from 3.6 ns to 3.3,

2.9, 3.0, 3.0 and 3.5 ns for Fe3+, Cr3+, Co2+, Pb2+, Mg2+

respectively. The change in lifetimes means a dynamic

mechanism of FL CD quenching.

Thus, in this work it was found that all the

metal ions studied, within the limits of their con-

centration 0−1mM, quench photoluminescence of CD

of hydrothermal synthesis. Meanwhile, the degree of

this quenching is different and decreases in the series:

Fe3+ ≫ Cr3+ > Co2+ ∼ Pb2+ > Mg2+ in 103 times. For

all the ions, a dynamic PL quenching mechanism has been

determined. For Fe3+, a significant contribution to the

quenching of nanoparticle PL is made by the internal filter

effect. In this case, some of the phosphors turn out to be

inaccessible for dynamic quenching.
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