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Ultralong persistent luminescence from carbon
dots
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Abstract
Hour-level persistent luminescence is realized with carbon dots embedded in cyanuric acid, the composition of which
is easily obtained by the microwave-assisted heating of carbon dots and urea. By forming donor-acceptor blends, the
proposed composition yields intermediate states with long lifetimes, providing a rare-earth-metal-free route to
ultralong persistent luminescence.

Quantum dots are usually thought of as zero-
dimensional nanomaterials based on inorganic com-
pound semiconductors, such as PbS, CdSe, and InP,
which are already used in displays for vivid color repre-
sentation. However, the term “quantum dots” is not lim-
ited to these inorganic materials. Since the accidental
discovery of fluorescent fragments from single-walled
carbon nanotubes in 2004, carbon quantum dots, simply
referred to as “carbon dots (CDs),” have been regarded as
a new class of nanomaterials that can offer unique light-
emitting properties from one of the most abundant
materials1,2. The environmentally friendly nature, low
toxicity3, emission tunability4, and relatively simple syn-
thetic routes5 of CDs have attracted significant interest
from a variety of research fields. Consequently, their
versatile potential has been demonstrated in applications
such as sensing, bioimaging, drug delivery, and displays1.
A recent work by Sargent and his coworkers on CD-

based deep blue light-emitting diodes, in particular,
showed that CDs may not just be promising, but could
become an important alternative for established emitter
technologies6. Side-chain engineering, which reduces
thermal vibration and non-radiative pathways, renders
luminescence from CDs to exhibit a bright blue emission
with a very narrow spectral width that is critical for the
development of modern displays requiring a wide color
gamut and high dynamic range6. It is worth noting that

side-chain engineering or surface passivation has been the
key to tuning the luminescence properties of CDs since
their discovery. This is because radiative recombination
from a CD is mostly attributed to recombination with a
surface-related origin rather than a bandgap transition
from conjugated π-domains1. Proper surface passivation
is considered to enhance the probability of excitons,
localized near the edge of a CD unit, recombining radia-
tively by minimizing exciton quenching.
The work by Jiang et al.7 also focuses on interfacial

engineering to unlock novel luminescent properties of
CDs—ultralong persistent emission that lasts approxi-
mately for an hour, which is quite unusual for organic
systems, with a few exceptions8,9. A mixture of CDs pre-
pared from m-phenylenediamine (m-CDs) and cyanuric
acid (CA) forms donor/acceptor blends that yield highly
stable intermediate excited states that can slowly recom-
bine radiatively. The excited states responsible for such
persistent emission are considered to be an exciplex
between m-CD as a donor and CA as an acceptor, which is
formed after a sequential process of absorption from an
acceptor, charge (hole) transfer, charge separation, and
diffusion. At first glance, the process appears to be similar
to that of photocarrier generation in solar cells; however,
holes, in this case, are localized within m-CDs, unlike in
solar cells. As long as an electron in CA approaches the
interface with m-CD+, it is likely to form an exciplex. This
long-lived exciplex radiatively recombines either by itself
or after being converted to singlet or triplet excited states
of m-CD, producing multi-color emissions according to
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Single-shot circular dichroism spectroscopy
Alina Karabchevsky 1✉

Abstract
Circular dichroism spectroscopy can be optimized to measure the scattering circular dichroism response of a single
chiral nanostructure with a single shot.

Chiral objects—objects with the geometrical property of
lacking any planes of symmetry, are widespread in nature,
with some examples being DNA and sugars. The concept
of chirality had already been discovered by Louis Pasteur
in 1848, while investigating the enantiomers of a tartaric
acid salt1,2, however, it was Lord Kelvin who coined the
term chirality in 18932 “I call any geometrical figure, or
group of points, ‘chiral’, and say that it has chirality if its
image in a plane mirror, ideally realized, cannot be
brought to coincide with itself”.
Chirality was derived from the Greek word (χ∈ιρ or

kheir) ‘ceir’ meaning hand because our hands, enantio-
mers, display a good example of chirality since they are
non-superimposable mirror images of each other. One of
the intriguing properties of chiral molecules is optical
activity because chiral molecules can rotate the plane of
polarization differently by interacting with the electric
field differently. Chiral molecules are very similar to each
other since they have the same components to them. The
only thing that differs is their arrangement in space. As a
result of this similarity, it is very hard to distinguish chiral
molecules from each other when we try to compare their
properties such as boiling points, melting points and
densities. Since optical activity, is the unique property of
chiral molecules, one can differentiate them via optical
activity. When plane-polarized light is passed through one
of the two enantiomers of a chiral molecule, that molecule
rotates light in a certain direction. When the same plane-
polarized light is passed through the other enantiomer,

that enantiomer rotates light by the same amount but in
the opposite direction.
It was the Dutch chemist J. H. van ‘t Hoff and the

French chemist J. A. Le Bel who, independently of each
other in 1874, discovered the tetrahedral arrangement of
groups around the central carbon atom (van ‘t Hoff
received the first Nobel Prize in Chemistry 1901, but for
other discoveries). Thus the enzymes in our cells are
chiral, as are other receptors that play an important part
in cell machinery. This means that they prefer to bind to
one of the enantiomers because the receptors are extre-
mely selective; only one of the enantiomers fits the
receptor’s site like a key that fits a lock - this metaphor
comes from another Nobel Laureate in Chemistry, Emil
Fischer, who was awarded the Prize in 1902. Later, in
2001, the Nobel Prize in Chemistry 2001 was divided, one
half jointly to William S. Knowles and Ryoji Noyori “for
their work on chirally catalyzed hydrogenation reactions”
and the other half to K. Barry Sharpless “for his work on
chirally catalyzed oxidation reactions”.
Despite these impressive results, however, chirality is

not limited to molecular systems and may appear on all
scales, ranging from spiral galaxies to nanostructures.
Accompanying the development of nanoscience and
technologies the fabrication and measurements of artifi-
cial chiral structures have been the subject of intense
research, owing to the many potential applications in
biology, pharmacy, chiral catalysis, light manipulation and
light-matter interaction3,4. Many of these emerging
applications require polarization dispersive imaging
spectrometers for scattering circular dichroism spectro-
scopy of single chiral nanostructures. Even if circular
dichroism spectroscopy is one of the most important tools
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their respective energies. (Fig. 1) It should be noted that
excited states with long lifetimes do not always yield effi-
cient afterglow emissions; they must be accompanied by a
mechanism or environment that can prevent such excited
states from being quenched via oxygen or traps. Formed
in situ during a simple synthetic route based on the
microwave-assisted heating of m-CDs/urea composition,
CA is covalently bonded to m-CD via C-N bonds, pro-
viding a robust host environment that can protect exciplex
states from being quenched even in ambient air or water.
From a practical perspective, long-persistent lumines-

cence could be useful for glow-in-the-dark paint for
emergency signs7. Although such an application does not
make up a large industry as display or lighting applica-
tions, the contributions of the present work can go far
beyond. There is considerable room in this nanometric
system to discover novel luminescent properties or tune
them according to specific needs. Because the mechanism
behind light-emitting phenomena from CDs are still being
studied, understanding the results from this work may be
regarded as an important step for grasping the full picture.
As there are many alternatives for host media and sub-
stituents, we may be able to identify several other mate-
rials that can be paired with carbon dots to further

enhance the existing luminescent properties or create new
and unusual optoelectronic properties suited for specific
needs, as demonstrated in this study.
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Fig. 1 The sequential process leading to formation of exciplex and multi-color long-persistent luminescence (LPL) from carbon dots
embedded in cyanuric acid7. The color along the rim of a carbon dot in its singlet (S1)- and triplet (T1) excited states, or exciplex state indicates the
approximate color of the corresponding LPL
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