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Abstract

The photoluminescence in carbon dots (surface-passivated small carbon nanoparticles) could be
quenched efficiently by electron acceptor or donor molecules in solution, namely that photo-excited
carbon dots are both excellent electron donors and excellent electron acceptors, thus offering new
opportunities for their potential uses in light energy conversion and related applications.

Quantum-sized semiconductor nanoparticles (quantum dots) have emerged as an important
class of photoactive nano-materials for a variety of purposes and applications.1™ For the
utilization of semiconductor quantum dots in light energy conversion and related areas, there
have been extensive investigations on their photoresponse and photoinduced charge separation
and electron transfer processes.5~8 Alternative to the traditional semiconductors, other
quantum-sized nanoparticles have been explored and developed for similar photophysical and
photochemical properties. Of particular interest and significance is the recent finding that small
carbon nanoparticles could be surface-passivated by organic molecules or polymers to become
highly photoactive, exhibiting strong photoluminescence in the visible and near-infrared
spectral regions.®~1% These photoluminescent carbon nano-particles, dubbed “carbon

dots” (Scheme 1), were found to be physico-chemically and photochemically stable and non-
blinking in their luminescent emissions.® Here we report that the photoluminescence from
carbon dots could be quenched highly efficiently by either electron acceptor or electron donor
molecules in solution, namely that the photo-excited carbon dots are excellent as both electron
donors and electron acceptors. These interesting photoinduced electron transfer properties may
offer new opportunities in potentially using carbon dots for light energy conversion and related
applications, in addition to their being valuable to the effort on mechanistic elucidation.

The carbon dots in this study were prepared by using the same procedures as those reported
previously.? In the preparation, the small carbon nanoparticles (separated from the laser
ablation-produced powdery sample) were refluxed in aqueous nitric acid solution for the
purpose of oxidizing surface carbons into carboxylic acids, followed by thionyl chloride
treatment and then amidation with the oligomeric ethylene glycol diamine
H>NCH,(CoH40)35CoH4CHoNH, (PEG1500N) to form the carbon dots with surface-attached
PEGs (Scheme 1). The transmission electron microscopy (TEM) results (Fig. 1) suggested that
these dots were well-dispersed, with sizes averaging about 4.2 nm (based on statistical analyses
of more than 300 dots), as also supported by the atomic force microscopy (AFM) results (Fig.
1).

Photoluminescence spectra of the carbon dots in aqueous or organic solutions were generally
broad (Fig. 2) with luminescence emission intensities (425 nm excitation) which were
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quenched by the known electron acceptors 4-nitrotoluene (—1.19 V vs. NHE)16 and 2,4-
dinitrotoluene (~0.9 V vs. NHE)7 in toluene solution, with the observed Stern-Volmer
quenching constants (Kgy = r|:°kq) from linear regression of 38 M1 and 83 M1, respectively
(Fig. 3). Obviously 2,4-dinitrotoluene was a much more effective quencher than 4-nitrotoluene,
consistent with its being a significantly stronger electron acceptor. The luminescence decays
of the carbon dots in the absence of quenchers could not be deconvoluted with a mono-
exponential function (probably due to a distribution of emissive species and/or sites),18 but
could be deconvoluted with the use of a multicomponent decay function to yield an average
lifetime ¢~ around 4 ns.® Thus, on average the bimolecular rate constants kg for the quenching
of luminescence emissions in the carbon dots by 4-nitrotoluene and 2,4-dinitrotoluene were of
the order of 9.5 x 109 M1 sLand 2.1 x 1010 M1 51, respectively. These, especially that for
2,4-dinitrotoluene, are beyond the upper limit for any bimolecular luminescence quenching
processes in solution,® highlighting the high efficiency of the underlying electron transfer and
also suggesting the presence of static quenching contributions, which were confirmed by the
Stern—\olmer plots from the observed average luminescence lifetimes (Fig. 3). The
corresponding quenching rate constants, kq of ~6.5 x 10° M1 s71 for 4-nitrotoluene and 8 x
10% M~1 s71 for 2,4-dinitrotoluene, are still at the diffusion-controlled limit for dynamic
quenching.

The electron donating capabilities of the photoexcited carbon dots were also demonstrated in
the photoreduction of Ag* to Ag. Experimentally, the reduction could be accomplished by
photoirradiating (450 W xenon arc lamp coupled with a Spex 1681 monochromator) carbon
dots in an aqueous solution of AgNQg at a visible wavelength such as 450 nm, which resulted
in the emergence and rapid increase of the surface plasmon absorption owing to the increasing
amount of Ag produced by the photoreduction. In order to avoid the subsequent irradiation
into the surface plasmon absorption band of the initially formed Ag, the same experiment was
also performed with 600 nm excitation, and similar photoreduction was observed. There was
no Ag formation in control experiments in the absence of carbon dots, as expected.

Interestingly, the carbon dots were similarly strong electron acceptors as well, allowing highly
efficient luminescence quenching by known electron donors such as N,N-diethylaniline (DEA,
0.88 V vs. NHE).19:20 As shown in Fig. 4, the DEA quenching was also strongly solvent
dependent, significantly more efficient in a polar solvent methanol than in chloroform. The
Stern—Volmer plots for the quenching of luminescence quantum yields were curved downward
at higher DEA concentrations, much more so for the quenching in methanol (Fig. 4). The linear
fits for only the data points at lower DEA concentrations yielded Stern—Volmer quenching
constants Kgy of 19 M1 and 5.1 M1 in methanol and chloroform, respectively. The results
from the quenching of luminescence lifetimes suggested no significant static quenching
contributions. While not as extreme as those with electron acceptor quenchers discussed above,
these Stern—\Volmer constants are again corresponding to rate constants kq toward the upper
limit for bimolecular luminescence quenching processes in solution.18

The strong solvent polarity dependence of the luminescence quenching by DEA is a good
indication for an electron transfer quenching mechanism. As additional supporting evidence,
the efficiency of the luminescence quenching was found to be strongly dependent on the
electron donating ability of the quencher. For example, a weaker electron donor such as
diethylamine (1.55 V vs. NHE)1® was considerably less efficient in the quenching of
luminescence emissions in the carbon dots under otherwise the same experimental conditions
(Stern—-Volmer quenching constant Ksy about 0.3 M1, Fig. 4).

No ground-state charge transfer complexes were observed with any of the quenchers, as
expected for their being used at such low concentrations.
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Mechanistically, the photoluminescence in carbon dots has been attributed to energy trapping
on the passivated carbon particle surface.®~11 We speculate that there could even be
phenomenological similarities between the luminescence emission mechanisms in traditional
semiconductor quantum dots:2 and carbon dots (despite carbon hardly being a member of the
semiconductor family), such that the emissions in carbon dots might also be a result of radiative
recombination of surface-trapped electrons and holes. It is known that the carbon core in carbon
dots must necessarily be very small (sub-10 nm or preferably sub-5 nm),®~11 which should
create inhomogenous particle surface sites. Upon passivation via organic or polymeric
functionalization, these surface sites could facilitate the trapping of photoinduced electrons
and holes. As for the observed highly efficient quenching of luminescence emissions in the
carbon dots by both electron acceptor and electron donor molecules,?! their disruption to the
radiative recombinations on the passivated carbon surface might be responsible. Further
investigations including potentially probing directly the electron-hole pairs and/or their
recombination processes in the photoexcited carbon dots are desired and should be pursued.
Nevertheless, the substantial photoinduced redox properties of carbon dots reported here will
open up new opportunities for these newly found quantum dot-like nanomaterials in light-
harvesting and related applications.
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Fig. 1.

TEM (left) and AFM (right) images of the carbon dots used in this study. The TEM specimen
was prepared by depositing a few drops of a diluted carbon dot solution onto a carbon-coated
copper grid, followed by evaporation. The AFM specimen on a mica surface was similarly
prepared. Hitachi HD-2000 S-TEM and Molecular Imaging PicoPlus AFM were used.
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Top: luminescence emission spectra (425 nm excitation) of the carbon dots in toluene without
(--) and with the indicated quenchers (both 0.016 M, —). Bottom: luminescence decays (407
nm excitation, monitored with 470 nm narrow bandpass filter) of the carbon dots without (--)
and with the quenchers (both 0.028 M, —).
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Fig. 3.

Stern—Volmer plots for the quenching of luminescence quantum yields (425 nm excitation) of
the carbon dots by 2,4-dinitrotoluene (o) and 4-nitrotoluene (A) in toluene; and plots for the
quenching of luminescence lifetimes (407 nm excitation) by 2,4-dinitrotoluene (e) and 4-
nitrotoluene (A ). The lines represent the best fits (the least-square regression) of the respective
data.
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Fig. 4.

Stern—Volmer plots for the quenching of luminescence quantum yields (400 nm excitation) of
the carbon dots by DEA in methanol (o, the line from fitting the data points up to 0.05 M) and
chloroform (o, the line from fitting the data points up to 0.08M), and for the quenching of
luminescence lifetimes (407 nm excitation) in methanol (e). The low-concentration portion of
the same plot for diethylamine as the quencher in methanol (---) is also shown for comparison.
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