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Abstract: A novel type of quantum dot (Ph-CN) is manufac-
tured from graphitic carbon nitride by “lining” the carbon
nitride structure with phenyl groups through supramolecular
preorganization. This approach requires no chemical etching
or hydrothermal treatments like other competing nanoparticle
syntheses and is easy and safe to use. The Ph-CN nanoparticles
exhibit bright, tunable fluorescence, with a high quantum yield
of 48.4% in aqueous colloidal suspensions. Interestingly, the
observed Stokes shift of approximately 200 nm is higher than
the maximum values reported for carbon nitride based
fluorophores. The high quantum yield and the large Stokes
shift are related to the structural surface organization of the
phenyl groups, which affects the p-electron delocalization in
the conjugated carbon nitride networks and induces colloidal
stability. The remarkable performance of the Ph-CN nano-
particles in imaging is demonstrated by a simple incubation
study with HeLa cells.

In the last years, metal-free graphene-based materials with
high biocompatibility, apparently low toxicity, and unique
optical properties have been considered to be promising
candidates to replace traditional metal-containing quantum
dots in bioimaging and biomedical applications.[1] However,
the large-scale chemical preparation of graphene-based
nanomaterials is far from being simple and usually involves
the use of corrosive and toxic agents, while the resulting
materials exhibit relatively low photoresponse. Furthermore,
the origins (quantum confinement, surface states, size effects)
of the optical properties are still under debate.[2] Therefore, it
is still rewarding to search for new metal-free materials with
high fluorescence efficiency.

A metal-free analogue is graphitic carbon nitride with an
ideal stoichiometry of C3N4, which is set up from layered (tri-
s-)triazine units. Graphitic carbon nitride (referred to as CN)
has attracted enormous attention as a polymeric semicon-
ductor in photocatalysis and electrocatalysis in the last

decade.[3] Nevertheless, most of these applications focus on
the use of macroscopic materials with micrometer-sized
particles, and the usage of nanosized CN quantum dots in
bioimaging and biomedicine, for example, has been limited by
their low photoluminescence (PL) quantum efficiency.[4] In
the last years, several methods were successfully introduced to
enhance the fluorescence efficiency. However, these methods
rely on the use of concentrated acid/base processes, etching,
and/or hydro/solvothermal cutting, and in some cases, the
emission even fell back into the ultraviolet region.[5] There-
fore, a facile, mild, and more environmentally friendly
preparation method for highly fluorescent CN is still required.
Ideally, this method should enable us to tune the PL
properties (such as the Stokes shift) of the CN nanoparticles
and achieve emission in the visible range. Large Stokes shifts
can improve the fluorescence efficiency owing to the drop in
reabsorption events that lead to non-radiative recombination.
Thus far, the maximum reported Stokes shift for CN is
130 nm, whereas values of 100 nm are commonly observed,
and there is significant overlap between the absorption and
emission spectra.[4a]

Recently, we have developed a supramolecular preorga-
nization approach to template the structure and improve the
photocatalytic activities of CN.[6] The electronic and optical
properties of the final CN materials can be optimized by the
careful design and selection of the supramolecular starting
complex; for example, the use of a cyanuric acid/melamine
assembly also enables the integration of other molecules, such
as barbituric acid,[7] urea,[8] and even caffeine.[9] We also
showed the power of this method by using a complex with
phenyl-substituted triazines to grow modified CN thin films as
the active layers in solar cells and light-emitting diodes,[10]

applications that rely on the control of the band structure and
the emission properties.

Herein, we use this synthetic approach for the preparation
of CN quantum dots with high fluorescence efficiency and
large Stokes shifts. The phenyl groups that were incorporated
into the CN framework play a key role in tailoring the optical
behavior. Aqueous suspensions of the CN nanoparticles were
prepared by the simple approach that is illustrated in the
Supporting Information, Figure S1. First, bulk samples were
synthesized according to our previous report by heating
a complex of cyanuric acid and 2,4-diamino-6-phenyl-1,3,5-
triazine (barbituric acid can also be added) in nitrogen
atmosphere.[10b] After cooling, the obtained yellow powders
were exfoliated by simple ultrasonication in a water bath,
followed by centrifugation to remove the residual big
aggregates. Colloidal suspensions with high transparency
(Figure S1) were obtained; the phenyl-decorated CN materi-
als without and with barbituric acid are referred to as Ph-CN
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and Ph-CNB, respectively. The addition of barbituric acid
introduces more carbon atoms into the CN frameworks and
leads to a red shift of the PL spectra.[11]

The morphology of the Ph-CN colloidal nanoparticles was
characterized by transmission electron microscopy (TEM,
Figure 1a), which showed nanosheets with lateral dimensions
below 100 nm. Atomic force microscopy (AFM) demon-
strated that the thickness of these nanosheets goes down to 5–

6 nm, indicating that the Ph-CN nanoparticles comprise 15–20
CN layers. The size distribution determined by dynamic light
scattering (DLS) reveals a mean hydrodynamic diameter of
approximately 70 nm (Figure 1b), which is in accordance with
the TEM and AFM observations. Zeta potential measure-
ments demonstrate that the nanoparticles are highly nega-
tively charged, with a zeta potential of ¢38.0� 0.5 mV. The
isoelectric point of the nanoparticles was measured to be 4.5,
which agrees well with previously reported values for CN
materials.[12] The strong electrostatic repulsion between these
nanoparticles endows them with excellent stability in aqueous
solution, and a homogeneous dispersion remained stable for
more than one year under ambient conditions. The good
dispersibility and high stability of the CN colloids are
favorable for investigations of their optical properties and
applications in bioimaging. Powder X-ray diffraction (XRD)
and Fourier transform infrared spectroscopy (FT-IR) were

performed to determine the lattice structure and functional
groups of Ph-CN before and after exfoliation. As depicted in
Figure 1e, both the bulk material and the nanoparticles
display a diffraction peak at 27.488, which corresponds to an
interlayer distance of 0.33 nm between the planar carbon
nitride sheets. The decreased diffraction intensity of the
nanoparticles reflects the fact that the vertical stacking of CN
layers is restricted by the exfoliation process.[13, 14] We
prolonged the sonication time further to 24 hours and found
only a slight intensity decrease for the diffraction peak
(Figure S2), indicating that the sonication treatment could not
completely destroy the crystal structure of CN. The strong
vibration bands at 1200–1600 cm¢1 and 802 cm¢1 in the FT-IR
spectra (Figure 1 f) are attributed to the stretching modes of
the CN heterocycles and the vibration of the heptazine units,
respectively.[15] Importantly, solid-state 13C NMR spectra
clearly show that at least significant parts of the phenyl
groups from the precursor were successfully incorporated into
the CN networks, as additional chemical shifts were observed
at 129 and 133 ppm aside from the ones for ordinary CN
(Figure S3).[16]

The optical properties of the CN aqueous suspensions
were studied by UV/Vis absorption and PL spectroscopy. The
UV/Vis spectra of the Ph-CN nanoparticles feature a sharp
absorption edge at 400 nm and reach their maximum absorb-
ance at around 300 nm (Figure 2a), showing a significant blue
shift compared to the bulk counterpart (Figure S4). This shift
is usually attributed to size effects, which cause the con-
duction band (CB) and the valence band (VB) to move in

Figure 1. a) TEM image, b) size distribution determined by DLS, and
c) AFM image of the synthetized Ph-CN nanoparticles. d) The corre-
sponding height profile of two random nanoparticles from the AFM
image. e) XRD pattern and f) FTIR spectra of Ph-CN bulk material and
Ph-CN nanoparticles.

Figure 2. a,b) UV/Vis and PL spectra of colloidal dispersions of Ph-CN
(a) and Ph-CNB (b). c,d) Luminescence microscopy images of Ph-CN
(c) and Ph-CNB (d) nanoparticles dispersed on a glass substrate
obtained with an optical microscope under UV illumination. e, f) PL
spectra of colloidal Ph-CN (e) and Ph-CNB (f) upon excitation at
wavelengths from 300 to 400 nm.
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opposite directions.[4a] Upon excitation at 340 nm, the Ph-CN
nanosheets generate a PL spectrum in the range of 450 to
600 nm, with a main emission peak at 490 nm and a small
shoulder at 470 nm (Figure 2a). The Ph-CNB suspension
shows an absorption spectrum that is similar to that of Ph-CN.
Its PL spectrum shows a further red shift of approximately
15 nm with respect to Ph-CN while the shoulder at 470 nm is
diminished (Figure 2b). We surmise that the weakening of the
shoulder peak should be related to surface defect states,
which are likely to arise from the replacement of N by C in the
Ph-CN framework, which in turn is induced by the addition of
barbituric acid during the synthesis of CN. The defect sites
result in the quenching of the transition that corresponds to
the shoulder peak as well as in the red shift of the main
peak.[3c] As a result, dispersions of Ph-CN and Ph-CNB
nanoparticles display strong cyan and green emission, respec-
tively (Figure 2c,d) under UV irradiation. The PL spectra
obtained upon excitation at l = 300–400 nm indicate no peak
shifts, while the strongest emission was achieved under
340 nm excitation for both Ph-CN and Ph-CNB (Figure 2 e, f).

The absolute emission quantum yield (QY) of the Ph-CN
colloidal nanoparticles was determined to be as high as 48.4%
using an integrating sphere, a rather pleasing value compared
to those previously reported for other CN luminescent
materials.[17] It should be emphasized that in comparison to
previous methods, no hydrothermal treatment or hazardous
chemicals were necessary in the presented approach, which
renders it safe, robust, and highly suitable for large-scale
preparations. The Ph-CNB quantum dots still demonstrate
a relativity high QY of 30.9% despite the introduction of
defect sites (the optimal emission QY of the bulk species was
below 20%).[10a] Further evidence for the superior emission
properties was obtained by time-resolved PL analysis of the
Ph-CN and Ph-CNB colloidal suspensions, which determined
their average fluorescence lifetimes to be 51 and 21 ns,
respectively. These values indicate that the excitons are highly
stable and do not find non-radiative emission channels within
the nanoparticles even on these longer time scales. It is
important to note that these values are higher than those of
many known dyes and comparable to those of traditional,
metal-based core–shell fluorescent quantum dots.[18] Another
important feature of the CN quantum dots is the large Stokes
shift of up to 200 nm, which is much higher than usually
observed (ca. 100 nm) for carbon nitride and other carbon
materials.[17] Both a long fluorescence lifetime and a large
Stokes shift are also suited to comply with the requirements of
advanced optical super-resolution techniques, such as stimu-
lated emission depletion (STED).[19]

The high fluorescence QY of the Ph-CN nanoparticles can
be attributed to several factors: 1) The quantum confinement
effect in the quantum dots. As illustrated by Xie et al. ,[4a]

nanosized CN has a much enhanced PL efficiency compared
to the bulk counterpart, simply because the number of defects
per particle is low. 2) The effects of the phenyl groups. The
phenyl groups attached to the CN framework enable
extended p-electron delocalization in the conjugated struc-
ture, which improves the PL efficiency.[20] In earlier work, we
had utilized bulk Ph-CN as the active layer in light-emitting
diodes, and interestingly, the phenyl groups induced a strong

red shift (170 nm) of the electroluminescence compared to
the PL owing to the formation of additional surface levels.[10a]

However, because of the large bulk to surface ratio of this
material, the PL was dominated by bulk effects, and the
surface structure did not play a crucial role. On the contrary,
in the present colloidal system, the ratio of the surface to bulk
states is dramatically increased because of the small size of
the CN particles. These surface states, presumably related to
a rather tight capping with the phenyl groups, offer optical
transitions that are within the classical bulk band gap of pure
carbon nitride. This hypothesis was further confirmed by the
large Stokes shift, which clearly indicates that the emission
does not result from the CB–VB transition, but from a lower-
energy state, which then of course also does not depend on
bulk defects, as they are energetically not accessible anymore.
Such a transition mode involving surface structures has also
been described for the emission of organic molecules[21] as
well as quantum dots.[22] Furthermore, we believe that the
large Stokes shift partially results from the strong interactions
between the excitons and the distorted crystal lattice (as
noted above) of the CN nanoparticles, resulting in energy loss
by heat dissipation before the excitons recombine radia-
tively.[23] Therefore, the emitted photons are lower in energy
than the absorbed photons, and an unusually large Stokes
shift is observed.

To further confirm our assumptions, we measured the
absorption and emission spectra of CN colloids that were
made from non-phenyl-containing precursors, including
dicyandiamide, melamine, and cyanuric acid/melamine supra-
molecular complexes. We found that all of these CN nano-
particles showed a much lower QY (below 10 %) along with
significantly decreased Stokes shifts (ca. 130 nm; see Fig-
ure S5). These results confirm that the phenyl groups and
their potential enrichment at the particle surface indeed
contribute to improving the fluorescence of the CN materials.

The exfoliation process was also carried out in some other
solvents to study the effects of the liquid medium on the PL of
the Ph-CN nanoparticles. As the solvent polarity was
decreased, the stability of the CN suspensions was reduced
significantly. In non-polar solvents such as hexane and
toluene, the nanoparticles quickly aggregated and precipi-
tated. In solvents with medium polarity, such as tetrahydro-
furan (THF), ethanol, and dimethylformamide (DMF), the
colloidal suspensions remained stable for a few days. Among
the tested solvents, only water could disperse the CN nano-
particles for longer periods of time (more than 12 months),
which was ascribed to the Coulomb stabilization of the
nanoparticles in water.[4a] It is important to note that in THF,
the Ph-CN suspension was more stable than normal CN,
further confirming the presence of phenyl groups on the
material surface (Figure S6). The normalized PL spectra of
the suspensions in water, DMF, ethanol, and THF (Figure S7)
show that the solvent has only a slight impact on the emission
peaks of the CN nanoparticles, suggesting that the emission
does not originate from solvation effects but is most likely
solely due to the nanoparticle structure. In water, the PL
intensity depends on the pH value and decreases steeply
when the pH is above 7, in the absence of any peak shift
(Figure S8). The reduced emission at higher pH can be
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attributed to 1) the acidic properties of the fluorescent species
in CN, 2) the formation of defects, and 3) interactions of
electrons or holes with the solvent. It is well known that
carbon nitrides can create oxy radicals under illumination in
water, for example, for the photodegradation of dyes.[6a] This
process partly relies on the transfer of electrons from the CB
of CN to dissolved dioxygen, which leads to the formation of
a superoxide radical. Furthermore, the enlarged band gap of
the Ph-CN quantum dots indicates the movement of the band
positions in opposite directions, which hence thermodynami-
cally enables the reaction between the holes and hydroxy
groups to form hydroxyl radicals. In this scenario, O2 and OH¢

can act as electron/hole scavengers, and thus the PL is
significantly quenched at high pH values.

The cytotoxicity of an imaging agent is an important
parameter to evaluate its practical application. Here, the
cytotoxicity of as-prepared CN nanoparticles towards HeLa
cells was tested by a standard MTTassay after incubation with
different amounts of the colloids for 24 hours. As shown in
Figure 3a, more than 80 % of the cells remained alive in the
presence of Ph-CN over the tested concentration range,
whereas Ph-CNB showed slightly decreased toxicity com-
pared to Ph-CN. Considering their low cytotoxicity and
enhanced PL properties, these as-obtained CN nanoparticles
might be a promising emitting agent for in vitro bioimaging.

Then, bioimaging experiments were carried out with HeLa
cells after incubation with the as-obtained CN nanoparticles
at 37 88C for 10 hours. The confocal fluorescence image in
Figure 3b shows that HeLa cells incubated with Ph-CN
exhibit bright cyan emission upon excitation at 405 nm. The
optical images indicated the good condition of the HeLa cells
without observable damage from these CN nanoparticles.
Furthermore, the merged image revealed that the Ph-CN
nanoparticles were well taken up by HeLa cells. Similar
phenomena were also observed for the Ph-CNB nanoparti-
cles, but with green fluorescence. Taking their small size and
good biocompatibility into account, these unfunctionalized
CN nanoparticles are most likely transported into cells by
endocytosis.[24]

In summary, the simple synthesis of CN quantum dots
with a high fluorescence quantum yield (up to 48 %), a long
fluorescence lifetime of 51 ns, and an unusually large Stokes
shift of 200 nm has been achieved by the use of phenyl-
containing supramolecular precursors. The significantly
enhanced photoresponse compared to previous reports is
assumed to originate from the introduction of phenyl groups,
especially at the particle surface, which induces surface
capping and lower electronic energy states that direct the
photoluminescence and avoid non-radiative recombination.
Because of their intense fluorescence, low cytotoxicity, and
excellent dispersity, the CN colloids were employed as
imaging agents with cyan/green fluorescence for bioimaging.
We believe that this work can open the door for the
replacement of metal-based fluorescent nanomaterials (i.e.,
quantum dots) in many biomedicine-related applications
because of the simple and effective synthetic approach as
well as the low cost of carbon nitride materials.
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