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Phosphorous doped carbon dots (P-CDs) are prepared by a one-step hydrothermal method. The

phenomenon of aggregation induced red shift emission (AIRSE) is observed in the obtained P-CDs. The
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rsc.li/rsc-advances the solution concentration.

Carbon dots (CDs), a new member of the carbon materials
family, have attracted great attention due to their unique optical
properties and green synthetic methods. Compared to inor-
ganic quantum dots, which may contain toxic heavy metals,
CDs are significantly more environmentally friendly and bio-
logically compatible.* To date, various synthesis methods to
prepare CDs have been reported, including laser ablation,? acid
oxidation,* electrochemical oxidation,>® microwave’® and
hydrothermal preparations,'®** by using variety of precursors.
However, the optical properties of CDs prepared by different
methods vary, especially in terms of dependence of the emis-
sion wavelength on the excitation wavelength.”® Due to their
excellent features, CDs are widely applied in chemical and
biological sensing, imaging and photocatalysis.™
Aggregation-induced emission (AIE) or aggregation-induced
emission enhancement (AIEE) effects, as opposed to the
phenomenon of aggregation-caused quenching, were first re-
ported by Tang et al.,* and are normally observed in fluorescent
organic molecules.” Such effects result from the restriction of
intramolecular rotations, intramolecular vibrations or intra-
molecular motions due to aggregation.'> Because AIE or AIEE
molecules are sensitive to the surrounding environmental
changes, such as pH and solvent, they are widely used in bio-
logical and chemical sensing.' The research in this field has
been recently expanded into exploring the AIE or AIEE effects on
the emission enhancement of nanoparticles.'**® Gao et al. first
reported that adenosine-5'-triphosphate induced aggregation of
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emission wavelength of a P-CD solution can be tuned in the range from 455 nm to 595 nm by changing

the CDs prepared from Cgy, which resulted in the enhanced
photoluminescence.” Recently, Liu et al. also illustrated AIEE
properties of the CDs hydrothermally prepared from tannic
acid, induced by the addition of organic solvents with small
permittivity, such as tetrahydrofuran.”” However, in both cases,
the aggregation caused a very little shift in the emission wave-
length of CDs.

In this contribution, we report a phenomenon of aggregation
induced red shift emission (AIRSE) of phosphorus doped CDs (P-
CDs). Under the same excitation wavelength, the emission of P-
CDs solution red shifted from blue to orange yellow with the
increase of concentration, as schematically illustrated by
Scheme 1. The P-CDs were prepared by hydrothermal treatment
of triethyl phosphonoacetate in the presence of phosphoric acid
(the detailed synthesis procedure is given in the ESI}). The
morphology of P-CDs was first characterized by transmission
electron microscopy (TEM) and atomic force microscopy (AFM).
The typical TEM image is shown in Fig. 1a. The obtained CDs
have a quasi-spherical shape with an average diameter of 3.5 nm
(Fig. 1b). High resolution TEM images suggest that the P-CDs are
crystalline, as clearly seen in the inset of Fig. 1a. The lattice
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Scheme 1 Schematic of the synthesis of P-CDs and the AIRSE effect
caused by the increase of concentration.
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Fig.1 (a) TEMimage of P-CDs; inset: high-resolution TEM image of P-
CD; (b) size distribution of P-CDs measured by TEM; (c) AFM image of
P-CDs; (d) height profile along the line in (c).

parameter is ca. 0.23 nm. The AFM images (Fig. 1c and d) reveal
that the heights of P-CDs are around 6 nm, further confirming
the quasi-spherical shape of the P-CDs. The elemental analysis
revealed the composition of the prepared P-CDs to be: C 57.41
wt%, H 4.19 wt%, P 18.73 wt%, and O (calculated) 19.67 wt%.
To investigate the optical properties, UV-visible absorption
spectra and PL spectra of P-CDs were measured. The P-CDs in
a phosphoric acid solution show an absorption peak around
420 nm and an emission peak around 458 nm (Fig. S1%). The
emission of the P-CDs show little dependence on the excitation
wavelength in the tested excitation wavelength range
(Fig. S1bt), which is different from that previously reported
excitation-dependent emission property of CDs.*>** A similar
phenomenon was also observed in the carbon dots prepared by
non-enzymatic browning reaction of amino acids with glucose,®
electrooxidation of graphite, and pyrolysis of PAN@PMMA
core-shell nanoparticles.?” This could be due to the relatively
narrow size distribution and uniform chemical features on the
surfaces of the prepared carbon dot. Interestingly, we found
that the emission wavelength red shifted when we continuously
added a concentrated P-CDs solution to a blank phosphoric
solution. Fig. 2a and b present the obtained absorption and PL
spectra of P-CDs solutions with increased concentrations (note:
the concentration of P-CDs solution is evaluated by using the
optical density (OD) at 360 nm). It is clear that the emission
wavelength shifted from 455 nm to 595 nm when the concen-
tration of the P-CDs solution changed from 0.27 OD to 2.23 OD.
While, the change of PL intensity of P-CDs solution with the
concentration is as expected, as shown in the inset of Fig. 2b.
The PL intensity first increased due to the increase of P-CDs
concentration. Further increasing P-CDs concentration resul-
ted in the decrease of the PL intensity because of fluorescence
self-quenching.” It is well known that high concentration will
cause aggregation of nanoparticles in solutions. We suspect
that observed red-shift of emission wavelength is induced by the
aggregation of P-CDs. Thus, we performed a control experiment
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Fig.2 (a) Absorption spectra of P-CDs with increasing concentrations.

The concentrations of P-CDs solutions are 0.27 OD, 0.54 OD, 0.73
OD, 111 OD, 1.35 OD, 1.73 OD and 2.23 OD, respectively; (b) corre-
sponding normalized PL spectra; (c) absorption spectra of P-CDs with
decreasing concentrations. The concentrations of P-CDs solutions are
2.26 OD, 1.69 OD, 1.21 OD, 0.71 OD, 0.33 OD, 0.22 OD and 0.18 OD,
respectively; (d) corresponding normalized PL spectra. Inset in (b) and
(d): unnormalized PL spectra. The PL spectra were recorded at an
excitation wavelength of 360 nm. Inset in (c): photos of concentrated
(left) and diluted P-CDs solutions under ambient light and UV light
(325 nm).

by diluting a concentrated P-CDs solution with phosphoric acid
solution. The recorded absorption and PL spectra are shown in
Fig. 2c and d, respectively. It can be seen that the emission
wavelength blue shifted with the decrease in the concentration.
These results illustrate that the emission wavelength of the P-
CDs solution is closely related to the concentration and the
shift of emission wavelength is reversible. That is to say, the
extent of aggregation of the P-CDs in the solution, controlled by
the concentration, determines the emission wavelength of the
P-CDs solution.

In order to exclude the contribution of phosphoric acid to
the observed dependence of the emission wavelength on the
concentration, the P-CDs were purified by dialysis and the
aqueous solutions of the P-CDs were prepared. Decreasing the
concentration of aqueous P-CDs solution resulted in the blue-
shift of the emission wavelength (Fig. 3a and b). The observed
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Fig. 3 (a) Absorption spectra of P-CDs with decreasing concentra-

tions by using distilled water. The concentrations of P-CDs solutions
are 1.38 OD, 1.15 OD, 0.73 OD and 0.23 OD, respectively; (b) corre-
sponding normalized PL spectra.
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phenomenon is the same as that of P-CDs in the phosphoric
acid solution, which indicates that the red-shift of the emission
wavelength is due to the aggregation of P-CDs, not the solvent.

To further confirm that the red-shift of the emission wave-
length is caused by the aggregation, dynamic light scattering
(DLS) measurements were performed by using the dialyzed
aqueous P-CDs solutions. Fig. 4a and b give the size distribution
curves of three P-CDs samples with different concentrations and
the corresponding PL spectra. The average particle sizes of three
samples were found to be 145 nm, 305 nm and 740 nm, and the
corresponding emission wavelengths were 434 nm, 483 nm and
525 nm, respectively. It is a little surprising that the size of the
aggregated particles are much larger than those measured by
TEM and AFM; however these results are in accordance with
a previous report which shows the average diameters of the
aggregated carbon dots were more than 6.0 um in tetrahydro-
furan and acetone, and 0.6 um in methanol.*® The results of DLS
measurement clearly illustrate that high concentration of the
solution causes the aggregation of P-CDs and the aggregation
degree determines the emission wavelength of P-CDs solution.

To understand the mechanism of the observed AIRSE in the
P-CDs, we first carried out a control experiment by using glucose
and 4,7,10-trioxa-1,13-tridecanediamine as precursors to
prepare nitrogen doped CDs (N-CDs). The absorption and PL
spectra of N-CDs solutions with different concentrations are
shown in Fig. 5a and b. It is obvious that the emission wave-
length of the N-CDs is independent on the concentration. Next,
we prepared CDs by using the same precursors in the presence
of phosphoric acid. The elemental analysis revealed the
composition of the obtained CDs to be: C 56.28 wt%, H 6.19
wt%, N 6.28 wt%, P 2.56 wt%, and O (calculated) 28.69 wt%,
which illustrates that the obtained CDs are co-doped with P and
N (named here P-N-CDs). Fig. 5¢ and d give the absorption and
PL spectra of P-N-CDs solutions with different concentrations,
respectively. Different from N-CDs, the emission wavelengths of
P-N-CDs solutions are red shifted with the increase of the
concentration. Additionally, due to the doping of phosphorus,
the minimum emission wavelength of P-N-CDs (445 nm) is
smaller than that of N-CDs (456 nm), which is in accordance
with a previous report.>

The above-mentioned results strongly suggest that the doped
phosphorus plays an important role in the observed AIRSE. The
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Fig. 4 (a) Laser diffraction particle size distribution curves of P-CDs

solutions. The concentrations of P-CDs solutions used for the
measurements are 0.22 OD, 0.71 OD and 2.26 OD; (b) the corre-
sponding PL spectra of the P-CDs solutions recorded with an excita-
tion wavelength of 360 nm.
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Fig. 5 (a) Absorption spectra of N-CDs with decreasing concentra-
tions. The concentrations of P-CDs solutions are 0.18 OD, 0.27 OD,
0.40 OD, 0.82 OD and 1.46 OD, respectively; (b) corresponding
normalized PL spectra; (c) absorption spectra of P-N-CDs with
decreasing concentrations. The concentrations of P-CDs solutions are
0.03 OD, 0.08 OD, 0.33 OD, 0.86 OD and 1.29 OD, respectively; (d)
corresponding normalized PL spectra. The excitation wavelength is
360 nm.

previous reports have already illustrated that the luminescence
of CDs can be enhanced by the doped phosphorus.”** The
possible reason is that the addition of the electron-rich phos-
phorus into CDs causes more isolated sp2 carbon clusters and
defect sites, which corresponds to the enhanced lumines-
cence.”** For the observed phenomenon of AIRSE in the P-CDs
solution, we believe that an electron rich system in the P-CDs
was formed due to the doping of phosphorus. After aggrega-
tion, the particle sizes increase, which may cause the extension
of electron system. The extension of electron system, similar to
the increase in 7-m conjugation, will result in the red shift of
emission wavelength. In a previous report,”® Bhunia et al.
illustrated that the CDs prepared from a carbohydrate in the
presence of concentrated phosphoric acid emitted red light.
They ascribed the red emission to the relatively larger particle
sizes of the obtained CDs.>® However, they found that the red
emission of CDs was only stable in strongly acidic conditions
and rapidly transformed to a green emission at neutral or basic
pHs. If stabilized by polyethylene glycol, the red emission was
kept at physiological pH.?® Their observation is similar to our
observations. We suspect that in their case polyethylene glycol
stabilized the aggregates of CDs, which ensured that the
aggregation degree did not change with the concentration.

In summary, we observed the phenomenon of AIRSE in
phosphorus doped CDs for the first time. The emission wave-
length of the P-CDs can be tuned in a wide range, from 455 nm
to 595 nm by changing the solution concentration. The exper-
imental results illustrate that the doped phosphorus plays an
important role in the AIRSE of P-CDs. We suggest that a possible
reason is that an electron rich system was formed in the P-CDS
due to the doping with the electron-rich phosphorus. The
increase in the particle sizes due to the aggregation therefore
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causes an extension of electron system, resulting in the red shift
of the emission wavelength. The observed AIRSE of P-CDs
provides a possibility for constructing new biosensing and
bioimaging strategies not only based on the change of PL
intensity, but also on the change of emission wavelength.
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