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Heavy carbon nanodots: a new phosphorescent
carbon nanostructure†
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Carbon nanodots are nanometer sized fluorescent particles studied for their distinct photoluminescent

properties and biocompatibility. Although extensive literature reports the modification and application of

carbon nanodot fluorescence, little has been published pertaining to phosphorescence emission from

carbon nanodots. The use of phosphors in biological imaging can lead to clearer detection, as the long

lifetimes of phosphorescent emission permit off-gated collection that avoids noise from biological

autofluorescence. Carbon nanodots present a desirable scaffold for this application, with advantageous

qualities ranging from photostability to multi-color emission. This research reports the generation of a novel

phosphorescent ‘‘heavy carbon’’ nanodot via halogenation of the carbon nanodot structure. By employing a

collection pathway that effectively incorporates bromine into the nanostructure, T1 triplet character is

introduced, and subsequently phosphorescence is observed in liquid media at room temperature for the first

time in the nanodot literature. Further experiments are reported characterizing the conditions of observed

phosphorescence and its pH-dependence. Our approach for producing ‘‘heavy carbon nanodots’’ is a

low-cost and relatively simple method for generating the phosphorescent nanodots, which sets the

foundation for its potential future use as a phosphorescent probe in application.

1.0. Introduction

Carbon nanodots have been studied extensively throughout the
past decade due to their favorable photophysical properties, yet
the generation of phosphorescence from these particles has
seen little investigation until very recently.1–5 Primary emphasis
has been placed on developing carbon nanodots as fluorescent
probes, either as ion sensors or as agents used in drug delivery
and biological imaging.6–8 The modification of these structures
to generate phosphorescence, however, provides a distinct
avenue for improved or expanded applications. Phosphorescent
agents have been thoroughly explored in the literature with small
organic molecules, but often these molecules have drawbacks in
synthetic complexity, photostability, and biocompatibility.9–11

Inorganic nanomaterials are similarly investigated for lumines-
cence applications, but toxicity concerns are frequently raised.12,13

As such, we have studied carbon nanodots to determine their
suitability for the generation of phosphorescence.

Carbon nanodots are quasi-spherical structures, generally on
the order of 1–10 nanometers in diameter, and are comprised of
many-layered sheets of oxidized graphene. As such, they contain

a graphitic core that is decorated by surface functional groups
such as hydroxyl, carboxyl, and carbonyl moieties.7 Due to their
unique structure, carbon nanodots display distinct spectral pro-
perties as compared to small organic fluorophores or inorganic
quantum dots. Namely, carbon nanodots frequently exhibit
excitation-dependent emission, which can permit multi-color tuning
and imaging.8 This observation is largely attributed to the presence
of multiple fluorescent sources within a single carbon nanodot
sample. Quantum confinement is thought to play a role in carbon
nanodot fluorescence properties, with increasing particle size corres-
ponding to bathochromic spectral shifts.14 Yet size also plays a role
depending on the distribution of lateral aromatic arrays within the
internal structure, with each aromatic unit corresponding to its own
defined band gap energy.7 Surface defects and trap states have
similarly been identified as sources of luminescence in carbon
nanodots, as surface passivation permits the stabilization of imper-
fect sp2 domains and has been reported to enhance luminescence.6

For phosphorescent carbon nanodots, authors have observed
increased phosphorescence emission after rigidifying CQO bonds
in the nanostructure, pointing to this molecular component as a
contributor to triplet emission.5,15

Carbon nanodots are superior particles for luminescence
applications for a variety of additional reasons. Firstly, these
structures can be collected following a simple, low-cost synthetic
method. The strategy described herein is a model example of this;
a combustion-based strategy, it requires only a gaseous carbon
source and the solvent in which the nanodots are collected.
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The resulting structures additionally require no further filtration
or surface passivation prior to spectroscopic use. These qualities
establish this method as distinctly advantageous over not only
synthetic organic methods, but over many other nanodot collec-
tion methods as well.16 In addition, carbon nanodots exhibit
good photostability, tolerance to extreme fluctuations in environ-
mental conditions, and excellent biocompatibility.17–19 Because
carbon nanodots can be continually excited over numerous
excitation–emission event cycles, they see significant utility in
immunodiagnostics.20,21,25,26 This is further reinforced by the
afore mentioned strong resistance to degradation in high-stress
environments, which permits a higher degree of flexibility in
immunodiagnostics, allowing researchers to subject systems
to large pH and thermal variations without notable loss of
fluorescence.22,23

Given this foundation, carbon nanodots present a promising
scaffold for the development of a new phosphorescent nanostruc-
ture. Significant research in luminescence sensing and imaging
techniques has already been devoted to developing phosphores-
cence agents.27–31 Phosphors have longer lifetimes, and therefore
allow for favorable gated luminescence collection.32 When used in
biological systems, this effectively removes any emission collection
resulting from the natural luminescence of biological tissues and
therefore reduces noise from autofluorescence.33 Phosphors are of
additional interest in biomedical fields, as the photosensitization
of reactive oxygen species (ROS) can be a competitive pathway
to phosphorescence for triplet excited decay. This process is
employed in photodynamic therapies, providing a treatment
option for malignant tumors. The ROS generated oxidize various
species at local tumor sites for destruction of the cancerous
region.34 Singlet oxygen, which is one form of reactive oxygen, is
known to be generated via energy transfer from the triplet state to
dissolved oxygen, allowing phosphors to be photosensitizers for
this therapeutic technique.35 Small molecule organic photosensi-
tizers, however, suffer from limitations similar to those of organic
fluorophores. In this regard, carbon dots with high occupancy of
the triplet excited state present strong potential as new photo-
sensitizers in the field of photodynamic therapy.

It has been long established that phosphorescence can be
achieved by employing the heavy atom effect, with numerous
studies exploring the addition of either bromine or iodine to a
system to encourage intersystem crossing from the excited singlet
to triplet state.36–38 Although limited research is available on the
halogenation of carbon nanodots, researchers have focused on
their use as functionalization intermediates or as contrast agents
rather than exploring spectroscopic effects.24,39 Herein we report a
simple method for generating phosphorescence from carbon
nanodots through the structural incorporation of bromine and
iodine, particles we refer to as ‘‘heavy carbon nanodots’’.

2.0. Materials and methods
2.1. Carbon nanodot collection

Carbon nanodots were prepared via combustion collection of
natural gas, as shown in Scheme S1 (ESI†). Combustion of

methane occurred in a standard Bunsen burner with low
oxygen input to produce a sooting flame. A vacuum was applied
to the impinger system and the resulting airborne products
of combustion were pulled through deionized water. The
impinger was placed in a room temperature water bath during
collection to ensure constant temperature. Burns were con-
ducted for a period of 4 hours. Flame height and bubbling rate
from the vacuum were carefully monitored throughout the
burn time. All particles were filtered through a 0.22 mm pore
to remove large soot particles prior to analysis or spectroscopic
characterization. The resulting particles of this procedure are
termed ‘‘water dots’’ in later discussion.

2.2. Heavy carbon nanodot collection

Heavy atom carbon nanodots were collected using a strategy
similar to what is outlined in Section 2.1; however, the solvent
was now 5 M hydrobromic acid (pure, ca. 48 wt% solution in
water, ACROS Organics) and 5 M hydriodic acid (57 wt% in H2O,
99.95%, Sigma-Aldrich) for brominated and iodated carbon
nanodots, respectively. Iodated dots were also prepared via a
second method. For this set up, an additional chamber was
incorporated into the gas line (Scheme S1b, ESI†). Solid iodine
was lightly heated in this chamber to encourage sublimation;
methane gas was subsequently mixed with the gaseous iodine.
This mixture underwent combustion and the airborne products
were pulled through water. Brominated carbon nanodots were
also collected and analyzed at 2 and 6 hour intervals, so as to
understand luminescence properties as a function of synthesis
time. Control samples of carbon nanodots collected into 5 M
sodium bromide were prepared (NaBr dots) via this same
strategy, with subsequent adjustment to acidic pH using hydro-
chloric acid. For all studies, it can be assumed that the nanodots
referenced are 4 hour burns unless stated otherwise. All particles
were filtered through a 0.22 mm pore to remove large soot
particles prior to analysis or spectroscopic characterization.
Following collection and prior to analysis, samples were mixed
overnight with glycerol (Spectranalyzeds, Fisher Scientific). The
addition of glycerol, which is a highly viscous polar solvent, raises
the viscosity of solution to slow diffusion of dissolved oxygen.
This allows dynamic quenching by dissolved species to be
reduced, permitting clearer detection of phosphorescence emis-
sion. Stability tests were conducted by storing sample vials on an
open bench, exposed to ambient conditions.

2.3. Strategy for pH adjustment

In order to study the effect of pH on luminescence, the pH was
monitored using a accumets XL600 dual channel pH/mV/ion/
conductivity/dissolved oxygen meter (Fisher Scientific). Prior to
mixing in glycerol, the initial pH was recorded; 5 M HCl (37%,
Sigma-Aldrich) and 5 M NaOH (Fisher Scientific) were then
added in microliter volumes to obtain the desired pH. Within
an experiment set, all aliquots originated from the same
burn sample. Once all samples of desired pH were collected,
volume additions were summed, and appropriate calculations
were performed to determine the relative dilution of each
aliquot. The samples were then diluted to equal concentrations,
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mixed overnight with glycerol in a consistent ratio, and analyzed.
Immediately prior to analysis, sample pH was confirmed using
Sigmas pH test strips to ensure no change. This procedure was
followed for both brominated and water dots.

2.4. Instrumentation and analysis

Absorbance values for carbon nanodots and heavy carbon
nanodots in both water and glycerol were collected using an
Agilent Technologies Cary 60 UV-Vis spectrophotometer with
Cary WinUV Scan application software. Emission spectra for
both fluorescence and phosphorescence of these samples were
collected using a Horiba Scientific FluoroMaxs-4P spectro-
fluorometer at 20 1C. All phosphorescence spectra were collected
with the following parameters: flash count, 100; time per flash
(flash rate), 61 ms (16 Hz); flash delay, 0.05 ms; and sample
window, 0.20 ms. Fluorescence photostability studies were con-
ducted using a 405 nm laser excitation source at 5 mW power,
with sufficient beam area to cover the sample surface area.
Samples absorption intensities were matched at the excitation
wavelength, and real-time emission spectra were collected using
an Ocean Optics HR2000+ spectrophotometer and SpectraSuites

software (Fig. S1, ESI†). Under these conditions, no phosphor-
escence has been reported or detected; photostability therefore is
assessed only for fluorescent emission. Fluorescence lifetimes
were collected at 20 1C using time-correlated single photon
counting (TCSPC) instrumentation from Horiba Scientific,
equipped with a NanoLED light source (lex = 311 nm, lem 4
350 nm). Fluorescence decays were analyzed using impulse
reconvolution with Decay Analysis Software v6.8. A multiexpo-
nential model (eqn (1)) with a minimized w2 criterion was used.
Values are reported as both amplitude weighted and mean
lifetimes, calculated using eqn (2) and (4) respectively.40 For
these equations t is time, ti are the lifetime component values,
ai are the amplitudes for each component and

P
i

ai ¼ 1.

IðtÞ ¼
X
i

ai exp �
t

ti

� �
(1)

hti ¼
X
i

aiti (2)

fi ¼
aitiP
i

aiti
(3)

�t ¼
X
i

fiti (4)

A biexponential, rather than single exponential, model was
determined to provide the best fit for the fluorescence decays
of carbon nanodots, based on w2 and residual values. This could
be attributed to either different sized particles in solution,
or the presence of multiple emitters within a single carbon
nanodot structure. Phosphorescence decays of the acidic
brominated carbon nanodots were collected with a Varian Cary
Eclipse Florescence Spectrophotometer with the lifetime appli-
cation software (lex = 300 nm, lem = 550 nm). Decay traces were

fit using a single exponential (i = 1) model of eqn (1), minimizing
the sum square residuals of the model (R2 4 0.95) as shown in
Fig. S2 (ESI†). Fluorescence quantum yields (FF) were deter-
mined using quinine sulfate dihydrate (Flukat) in 0.5 M H2SO4

(95–98%, A.C.S. reagent, Sigma-Adlrich) as a standard.41 Real-
color photographs of luminescence emission were taken at
302 nm excitation through longpass filters of 355, 515, 550,
and 610 nm cutoff wavelengths using a Nikon D7000 digital SLR
camera. Each filter was also stacked with the 355 nm longpass
filter to reduce filter fluorescence from ultraviolet excitation.

Dynamic light scattering experiments were conducted for
both water and brominated carbon nanodots using a Malvern
Zetasizer Nano-ZS. Particle sizes of 0.70 � 0.09 and 11 � 4 nm
were detected for water dots when distributions were
analyzed by intensity; when analyzed by number, the only peak
detected reported sizes of 0.70 � 0.09 nm (Fig. S3a, ESI†). For
brominated carbon nanodots, size distribution by intensity
included particles of 0.7 � 0.1, 8 � 2, and 190 � 80 nm; when
analyzed by number, only the 0.7 � 0.1 nm size was detected
(Fig. S3b, ESI†).

3.0. Results and discussion
3.1. Bromination of carbon nanodots yields unique
phosphorescence

In order to ascertain the spectroscopic impact of introducing
bromine into the collection conditions for carbon nanodots, we
carefully compared the resulting products of 4 hour burns into
both hydrobromic acid (brominated dots) and water (water
dots). Although dynamic light scattering (DLS) experiments
showed the presence of a new nanodot size under the acid
synthesis procedure, DLS data distribution by number revealed
the dominate particle size to be B0.7 nm in diameter for both
the water and brominated carbon nanodots (Fig. S3, ESI†);
therefore, it is thought that these particles are largely respon-
sible for luminescence by this collection method. Photostability
of both carbon nanodot structures are shown in Fig. S1 (ESI†);
while the emission signal of carbon nanodots remains fairly
stable over five minutes of irradiation, the brominated carbon
nanodots see slightly lower photostability. As compared to
fluorescein under otherwise identical conditions, all of the
carbon nanodots show weaker photostability (i.e. intensity
vs. time, Fig. S1, ESI†). Fig. S1b (ESI†) shows the respective
integrated areas under the photostability curves. Given that
photon flux is proportional to free space quantum yield, then
these trends roughly reflect the quantum yields of the respec-
tive samples.

Although both water and brominated dots were colorless
under room light, each sample emitted a distinct luminescence
spectrum when excited at 302 nm. As shown in Fig. 1, the
brominated dots display strong steady-state luminescence spanning
into red wavelengths.

This is clearly discernable by the cyan hue of brominated
dots as compared to water dots (Fig. 1a). Additionally, the
brominated dots continually exhibit visible intensities at longer
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wavelengths when the emission is filtered through increasingly
longer wavelength longpass filters (Fig. 1b). Typically, a triplet
excited state will be lower in energy than the corresponding
singlet excited state;36 therefore, it is reasonable to predict a
predominantly red-shifted phosphorescent emission (T1 - S0)
of the carbon nanodots. This effect is in fact observed in the
reported trends, providing reasonable evidence to the presence of
phosphorescence in the brominated dots. From Fig. 2, we see a
shift of approximately 181 nm between the S1 and T1 emissions.

Continuous and off-gated luminescence measurements were
subsequently collected for both samples at 300 nm excitation,
as shown in Fig. 2. The bromine dots typically exhibit lower
fluorescence emission (S1 - S0) intensities as compared to the
water dots (Fig. 2a). To confirm this trend can be attributed to
phosphorescence rather than dynamic diffusional quenching
by bromide ions, the emission collection was off-gated by 50 ms
following pulsed excitation at 300 nm (Fig. 2b). This allows for
exclusive collection of long-lived luminescence, permitting the
phosphorescence to be selectively detected. When analyzed in
glycerol, the water dots exhibit no emission at longer wave-
lengths while brominated dots display notable emission from
500 to 650 nm. This lower energy, long-lived emission is char-
acteristic of a phosphorescence decay and can also be visually
observed by suspending each nanodot sample in glycerol versus
water (Fig. 3).

When brominated nanodots are suspended in glycerol the
phosphorescence emission is clearly visible; however, when
analyzed in water, dissolved oxygen readily quenches the inten-
sity (Fig. 3a). This is a potential indicator of long-lived emission
signals, as molecular oxygen is known to quench these pro-
longed excited states. In fact, phosphorescence is frequently
difficult to detect in fluid solutions at room temperature due to
diffusional quenchers like oxygen.37 By using a viscous solvent
such as glycerol, the rate of quencher diffusion slows and these
signals become detectable for strongly phosphorescent species.
While this alone does not confirm that the emission is phos-
phorescence, that the emission of these particles is red-shifted
(Fig. 1 and 2) supports that the long-lived signal quenched in
water is likely of triplet origin. Conversely, water dots sus-
pended in either water or glycerol do not exhibit any notable
differences in emission between solvents, likely indicating the
absence of long-lived emission (Fig. 3b).

Subsequently, fluorescence lifetime analysis was conducted
to observe the impact of bromination on carbon nanodots. The
increased incidence of intersystem crossing between the singlet
and triplet excited states readily results in decreased fluores-
cence lifetime decays (S1 - S0) for phosphorescent com-
pounds, which is actually observed for the brominated dots
(Fig. S4, ESI†).42 Similarly, as shown in Table 1, brominated
dots display a decrease in both amplitude weighted and mean
lifetime as compared to water dots. This corresponds to a new
phosphorescence T1 lifetime of the brominated nanodots
(T1 - S0), shown in Fig. S2 (ESI†). At approximately 92 ms, this
reported lifetime is over 10 000� longer than the corresponding
fluorescence S1 - S0 emission, which occurs on a much shorter,
nanosecond timescale.

Similarly, the fluorescence quantum yield shows a marked
decrease for brominated dots as compared to that of water dots.
While it is possible that this could be explained to some degree
by quenching from free bromine ions, it is interesting to note
that the fluorescence lifetime values for carbon dots in 5 M
sodium bromide are comparable to those of water dots alone.
In a similar vein, the quantum yield of the NaBr dots is only
slightly reduced relative to the water dots, which could demon-
strate quenching effects of the free bromide ions. This observa-
tion supports that the absorbed energy sees less incidence of
relaxation via fluorescence not only due to quenching, but also
as a result of higher incidence of intersystem crossing for the

Fig. 1 Photographs depicting spectral differences between heavy carbon
nanodots (*) and carbon nanodots (**) collected over 4 hours into 5 M HBr
and water respectively. Samples were adjusted to acidic pH, taken into
glycerol and analyzed. (A) Left: Samples under room light. Right: Samples
under 302 nm excitation photographed through a 355 nm longpass filter.
(B) Samples excited at 302 nm and photographed through various long-
pass filters.

Fig. 2 2D emission of carbon nanodots collected in water versus heavy carbon nanodots excited at 300 nm. Samples were collected, subsequently
mixed in glycerol then analyzed. (A) Fluorescence emission spectra. (B) Off-gated emission displaying phosphorescent signal.

Paper PCCP



15522 | Phys. Chem. Chem. Phys., 2018, 20, 15518--15527 This journal is© the Owner Societies 2018

phosphorescent brominated dots. These observations implicate
phosphorescence as a key radiative pathway in the new, heavy
carbon nanodots. Using the same off-gated detection method, it
was found that at room temperature brominated dots exhibited
detectable phosphorescence signals for excitation wavelengths
between 250 and 400 nm (Fig. S5, ESI†). Interestingly, the
phosphorescent emission displays a red shift with increasing
excitation wavelength. For a single emission particle type, one
would expect the emission spectrum to be invariant relative to
excitation wavelength. The progressively shifted phosphores-
cent spectra suggests multiple emitting particles. This is not
entirely unexpected; as previously mentioned, studies have
shown the fluorescent carbon nanodots to have similar char-
acteristics. In essence, via this collection strategy the fluores-
cent particles themselves are brominated. Water dots, even
when suspended in glycerol, exhibit no phosphorescence over
the same wavelength range (Fig. S5b, ESI†).

Brominated dots were also collected over variable time
intervals to examine the effect of burn time on phosphores-
cence. Burns of 2, 4 and 6 hours were conducted (Fig. S6, ESI†).
While at 2 hours no discernable emission was observed, phos-
phorescence intensity became detectable and subsequently
increased at longer burn times. This effect is attributed to
increased dot concentrations over time. Interestingly, the fluo-
rescence emission decreases as the phosphorescence of the

brominated carbon nanodot increases. To establish the impor-
tance of direct collection of nanodots into a bromine solvent,
water dots were subsequently collected over varying times,
and then refluxed with hydrobromic acid as a secondary step
(Fig. S6b, ESI†). Following this procedure, no significant phos-
phorescence intensities are observed for the refluxed system at
2 and 4 hours; only the 6 hour burn generated a phosphores-
cence signal, which was nevertheless at a much lower intensity
as compared to the direct collection method. Direct gaseous
collection into 5 M HBr is therefore proposed as a key step in
generating a phosphorescent heavy carbon nanodot. These data
additionally provide insight into the mode by which bromine
induces intersystem crossing in the carbon nanodot system. If
this phosphorescence was merely an external, solvent-based
effect, it could be reasonably predicted that phosphorescence
would be observed for both direct collection and post-collection
reflux methods. This is not observed, however, which suggests
that the underlying photophysical mechanism of phosphores-
cence is likely due to an internal heavy atom effect, where
bromine is incorporated into the carbon nanodot structure.

3.2. Iodation versus bromination for phosphorescence
character

It is well known that iodine, in addition to bromine, can induce
triplet character in organic fluorophores. We then questioned
whether this approach would cause a similar effect in carbon
nanodots. Our collective approaches for halogenating the carbon
nanodots are shown in Scheme 1.

The nanodots produced by each of these methods were
analyzed by both continuous and off-gated luminescence collec-
tion. As shown in Fig. 4, bromine dots exhibited the highest
intensity fluorescence signal as compared to either method of
collecting iodated dots.

Fig. 3 Photographs depicting the solvent effects of glycerol (*) versus
water (**) on the emission of carbon nanodots at highly acidic pH. Samples
were photographed both under room light and 302 nm excitation with
various longpass filters. It is important to note that brightness should not
be directly compared between A and B, as photographs were taken using
automatic settings and exposure time was not held constant. (A) Heavy
carbon nanodots collected into 5 M HBr. (B) Water dots collected into DI
water then pH adjusted using 5 M HCl.

Table 1 Luminescence properties of carbon nanodots collected in water
versus heavy carbon nanodots at acidic pH

Sample FF (%) htiF (ns) �tF (ns) tP (ms)

Water nanodot 10.2 7.42 � 0.05 8.39 � 0.09 —
Brominated nanodot 4.85 4.5 � 0.2 6.2 � 0.4 92 � 7
NaBr nanodot 8.8 6.6 � 0.1 8.7 � 0.2 —

F – quantum yield, hti – amplitude weighted lifetime, �t – average
lifetime, F – fluorescence, P – phosphorescence.

Scheme 1 Three synthetic routes explored to produce heavy carbon
nanodots.
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While this trend could indicate superior rates of intersystem
crossing for iodated dots, this would lead to a significant
phosphorescent peak upon off-gated collection. This would
align with the prediction that iodine should generate a stronger
spin orbit coupling effect, based on its increased nuclear charge
as compared to bromine. This trend, however, is not observed
(Fig. 4b). The lack of strong phosphorescence in iodated nano-
dots could indicate that covalent attachment of iodine to the
nanostructure is not as efficient as bromination to produce a
phosphorescence signal. Given the long bond length associated
with carbon–iodine bonds, this attachment may be unstable,
leading to increased concentrations of free iodide in solution
and subsequently the observation of I3

�, as shown in Fig. 5.
Conversely, iodide may be blocking luminescence through

dynamic quenching, as both the fluorescence and phospho-
rescence signals emitted by the acid iodation strategy are
approximately one order of magnitude lower than the spectra
of brominated dots. Comparing the acid collection method
against the combustion method of collecting iodated dots,
it was noted that only the acid method generated detectable
phosphorescence. This poses an interesting question of the role
of pH in obtaining a phosphorescence signal, which will be
discussed in a later section.

To further suggest acid bromination as the superior method
for collecting heavy carbon nanodots, both acid collection
methods were analyzed for long term dark stability. As shown

in Fig. 5, the absorbance spectra—particularly at 300 nm were
excitation occurs—showed little change for brominated dots
over the period of three weeks (Fig. 5a). The absorbance spectra
for the iodated dots, however, increased drastically over the same
time frame, with total absorption in the range of 250–450 nm by
three weeks (Fig. 5b). This can be attributed to the increased
solution coloration of the iodated dot sample, which essentially
behaves as a longpass filter (Fig. 5c). This coloration is likely due
to the formation of triiodide ions (I3

�), which are known to
appear yellow to brown in water. This suggests that iodide
dissociates from the nanostructure over time, further supporting
the hypothesis that iodine is not able to functionalize carbon
nanodots as efficiently as bromine. The spectra for brominated
dots was further analyzed over a month-long period (Fig. S7, ESI†).
Although absorbance at 300 nm remained roughly constant as
observed previously, there was a clear shift in the fluorescence
spectrum. This could indicate a shift in electronic structure over
time and will require further study to characterize the origin of this
change. Phosphorescence, however, remained detectable through-
out the duration of the experiment and in fact reached its maximum
intensity at the conclusion of one month (Fig. S7c, ESI†).

3.3. Effect of pH on phosphorescence signal

Provided that this halogenation strategy involves the use of
either hydrobromic or hydroiodic acid, it was prudent to study
the influence of pH on the photophysical properties of the

Fig. 4 2D luminescence signals for heavy carbon nanodots collected via
the 3 main synthetic routes. Samples were taken into glycerol and then
analyzed. (A) Fluorescence emission spectra recorded at 300 nm excita-
tion. (B) Phosphorescence emission spectra recorded at 300 nm excitation
wavelength.

Fig. 5 Demonstration of relative stability between two types of heavy
carbon nanodots. (A) Absorption of brominated carbon nanodots by acid
collection (HBr). (B) Absorption of iodinated heavy carbon nanodots by
acid collection (HI). (C) Photographs of samples over 3 weeks of ambient
light exposure at room temperature.
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heavy carbon nanodots. As shown in Fig. 6, it is clear that under
acidic conditions phosphorescence was favored over fluores-
cence, while the inverse was observed for both neutral and
basic conditions. Phosphorescence signals with approximately
equal intensity could be turned ‘‘on’’ or ‘‘off’’ within the same
sample by simply adjusting the pH from acidic to basic and
then back to an acidic environment. This suggests that proto-
nation may play a key role in the mechanism of the observed
phosphorescence, as protonation can be a reversible process.

Fluorescence intensities were also comparable between either
phosphorescence ‘‘on’’ or ‘‘off’’ aliquots. Interestingly, the absor-
bance at 300 nm increased with increasing pH, suggesting
protonation and formation of a ground state complex (Fig. 7).

A visual summary of these reported pH effects is displayed
in Fig. 8.

Samples at low pH display a distinctly greenish hue when
compared against the neutral or basic samples (Fig. 8a and b).
The neutral and basic samples, however, appear to emit the same
color (Fig. 8c). This implies that the acidic samples emit higher
intensities of longer wavelengths due to a significant lumines-
cence contribution from phosphorescence in the 500 to 600 nm
range. This effect is displayed in the off-gated collection from
Fig. 6. The neutral and basic samples, however, emit only between
B300 to 500 nm, and therefore are similar in their blue emission.

Fluorescence lifetimes of these samples were determined
using the TCSPC technique and are summarized in Fig. 9, with
additional information provided in Fig. S8 (ESI†).

Fig. 6 Schematic and luminescence spectra from pH adjusted brominated carbon nanodots collected into 5 M HBr for a 4 hour burn time. Samples
were diluted to equal concentrations, mixed with glycerol and then excited with a 300 nm wavelength.

Fig. 7 Absorbance spectra for pH adjusted brominated carbon nanodots.
Samples were analyzed in water.

Fig. 8 Photos depicting heavy carbon nanodots collected in 5 M HBr for
4 hours following pH adjustment. Samples were taken into glycerol, mixed
and photographed at 302 nm excitation through a 355 nm long pass filter.
(A) Comparison between acidic and neutral samples. (B) Comparison
between acidic and basic samples. (C) Comparison between neutral and
basic samples.
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Decay curves for each pH are plotted, revealing a clear
increase in amplitude weighted lifetime corresponding to
increasing pH (Fig. 9). This is anticipated, as the fluorescence
quantum yield increases at higher pH and radiative lifetime is
proportional to quantum yield.43 When lifetimes are calculated
there is a clear increase in lifetime proportional to pH, as shown
in Table 2.

There is no trend in pH dependence observed in the fluo-
rescence lifetime decays for the water dots, and no detectable
phosphorescence is evident (Fig. S9, ESI†). Over the entire pH
range of water dots, the averaged values for amplitude weighted
and mean lifetimes are 7.5 and 8.6 ns respectively, with a �10%
relative standard deviation in both cases. This stands in con-
trast to the averaged lifetimes for brominated dots, which are

6.5 � 22% (amplitude weighted) and 8.1 � 17% (mean) ns. This
further reinforces the notion that without a phosphorescence
pathway, pH has little effect on the nanodot emission. In
brominated dots, where phosphorescence occurs, this is not
the case. The results reported here clearly demonstrate how at
lower pH values, intersystem crossing and subsequent phos-
phorescence emission provides a competitive pathway for
fluorescence emission in brominated carbon nanodots.

4.0. Conclusions

We have developed a successful strategy for the development of
phosphorescent heavy carbon nanodots. In initial experiments,
it was confirmed that brominated dots gathered by an acid
collection strategy could produce unique long-lived signals
at longer emission wavelengths as compared to those observed
for water dots. Phosphorescence was not observed when pre-
viously collected water dots were reacted with hydrobromic
acid, establishing direct collection into acid as a vital aspect
in forming phosphorescent carbon nanodots. This observation
additionally supports the assertion that phosphorescence is
achieved via the internal heavy atom effect, as suspension in a
heavy atom solvent is not adequate to generate the desired
signal. Addition of iodine to the carbon nanodot structure was
also explored by two methods. It was determined that of these
methods, acid collection provided the most reliable system for
generating phosphorescence signals. Long-lived luminescence
signals were detected for both iodated and brominated dots via
this method. Despite this observation, subsequent experiments
confirmed the brominated dots to be superior phosphors to
iodated dots; the former achieved both higher phosphores-
cence signal intensity and improved dark stability as compared
to the latter. Studies were also conducted using brominated
dots to determine the importance of sample pH in the genera-
tion of phosphorescence. It was discovered that fluorescence or
phosphorescence could be selected for by altering the sample
to higher or lower pH values, respectively. This trend lends
evidence to the possible role of protonation in promoting inter-
system crossing from the singlet to triplet state in brominated
dots. Overall, this study serves to introduce a facile, novel
method for achieving phosphorescence from a carbon nanodot
luminescent agent.

Fig. 9 Fluorescence intensity decay of pH modified heavy carbon nano-
dots collected into 5 M HBr using TCSPC techniques. Samples were
analyzed in glycerol (lex = 311 nm, lem 4 350 nm). (A) Fluorescence
lifetime decays for each pH adjusted sample. (B) Chart displaying the effect
of pH on amplitude weighted lifetimes (hti).

Table 2 Lifetime decays for water dots versus brominated dots

Sample pH t1 (ns)/a1 (%) t2 (ns)/a2 (%) hti (ns) �t (ns)

Water dot (4 h) 0.96 2.48/22.8 8.88/77.2 7.42 � 0.05 8.39 � 0.09
1.02 2.62/26.3 8.69/74 7.09 � 0.05 8.10 � 0.09
3.28a 2.31/21.7 8.97/78.3 7.53 � 0.04 8.53 � 0.07
7.86 2.39/29 8.41/71.1 6.67 � 0.08 7.8 � 0.1

12.45 2.95/24.6 10.8/75.4 8.9 � 0.1 10.1 � 0.2

Bromine dot (4 h) 0.22a 1.53/45 7.01/55 4.5 � 0.2 6.2 � 0.4
1.48 2.38/37 9.02/63 6.56 � 0.07 8.1 � 0.1
7.33 2.00/32 9.42/68 7.1 � 0.4 8.8 � 0.6

13.61 1.95/29 10.0/71 7.7 � 0.3 9.4 � 0.6

tn – lifetime of component n, a1 – amplitude of tn, hti – amplitude weighted lifetime, �t – average lifetime. a Sample pH as collected.
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TCSPC Time correlated single photon counting
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