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Absorption and emission of light in red emissive
carbon nanodotst

Neeraj Soni,1§?° Shivendra Singh,$9°° Shubham Sharma,®® Gayatri Batra,||*®
Kush Kaushik, ©2° Chethana Rao, {22° Navneet C. Verma,§*® Bhaskar Mondal, & *
Aditya Yadav ® *2® and Chayan K. Nandi { *2>¢

The structure—function relationship, especially the origin of absorption and emission of light in carbon
nanodots (CNDs), has baffled scientists. The multilevel complexity arises due to the large number of by-
products synthesized during the bottom-up approach. By performing systematic purification and
characterization, we reveal the presence of a molecular fluorophore, quinoxalino[2,3-blphenazine-2,3-
diamine (QXPDA), in a large amount (~80% of the total mass) in red emissive CNDs synthesized from o-
phenylenediamine (OPDA), which is one of the well-known precursor molecules used for CND synthesis.
The recorded NMR and mass spectra tentatively confirm the structure of QXPDA. The close resemblance
of the experimental vibronic progression and the mirror symmetry of the absorption and emission
spectra with the theoretically simulated spectra confirm an extended conjugated structure of QXPDA.
Interestingly, QXPDA dictates the complete emission characteristics of the CNDs; in particular, it showed
a striking similarity of its excitation independent emission spectra with that of the original synthesized red
emissive CND solution. On the other hand, the CND like structure with a typical size of ~4 nm was
observed under a transmission electron microscope for a blue emissive species, which showed both
excitation dependent and independent emission spectra. Interestingly, Raman spectroscopic data
showed the similarity between QXPDA and the dot structure thus suggesting the formation of the
QXPDA aggregated core structure in CNDs. We further demonstrated the parallelism in trends of
absorption and emission of light from a few other red emissive CNDs, which were synthesized using
different experimental conditions.

the excitation dependent photoluminescence, which has
baffled scientists across the globe.*® In addition, recent reports

Fluorescent carbon nanodots (CNDs), an intriguing carbon-
based nanomaterial (typical size 2-5 nm) owing to their supe-
rior optical properties, low-toxicity and cell penetrability, have
tremendous applications in bioimaging, photovoltaics, drug
delivery, optoelectronics, and various other fields."™ One of the
fascinating properties of CNDs is their optical origin, especially
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on the bottom-up synthesis of CNDs have raised numerous
questions and pointed out erroneous conclusions.”™ Several
reports showed that the observed fluorescence originates from
molecular fluorophores and/or their aggregated structure, quasi
CNDs (molecular fluorophores attached to the core of CNDs) or
polymer dots, which are produced as by-products or even as the
sole product during CND synthesis.”** Moreover, the typical
excitation dependent photoluminescence was not observed in
a large number of recent studies.

For example, an organic molecular fluorophore, namely
TPDCA {(5-ox0-3,5-dihydro-2H-thiazolo[3,2a]pyridine-7-
dicarboxylic acid)}, was actually found to be responsible for all
the optical properties of the CNDs synthesized using citric acid
and r-cysteine as the precursor molecules by utilizing the
hydrothermal method.?>* Upon rigorous purification, ~98 wt%
TPDCA and only ~2 wt% real CNDs were observed in the CND
solution. Interestingly, while excitation independent photo-
luminescence was observed both in the CND solutions and in
TPDCA, a small fraction of the real CNDs showed excitation
dependent photoluminescence. Similarly, a substantial amount
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of another molecular fluorophore, IPCA {(imidazole [1,2-a]
pyridine-7-carboxylic acid, 1,2,3,5-tetrahydro-5-oxo-)}, was ob-
tained when CNDs were synthesized at a lower temperature by
using citric acid and ethylenediamine as precursor molecules.*
On increasing the temperature, the amount of CNDs increased
and a clear shift from excitation independent to dependent
photoluminescence with a decrease in quantum yield (QY) was
observed.”* Several pieces of evidence suggest that the aggre-
gation of the molecular fluorophore, especially via hydrogen
bonding, either in the ordered crystalline or amorphous form,
can mimic the CND structure and its optical properties.>* In
addition, at elevated concentration, the aggregated structure of
citrazinic acid mimicked the dot-like structure with a size of
4.5 nm as observed under a transmission electron microscope
(TEM). On the other hand, some groups also proposed that
CNDs were basically the drying mediated crystalline aggrega-
tion of a sole product of a molecular fluorophore, methyl-
enesuccinic acid.** It should be emphasized here that, to date,
CNDs were synthesized mainly from citric acid as the precursor
molecule.’*?*?* Phenylenediamine (PDA), another class of
precursor molecule, has recently been used to synthesize red to
near infrared emissive CNDs.>**° Efforts were further made for
the solvent dependent emission color change in CNDs.””"**

Here, for the first time, we reveal that the red emission in CNDs
synthesized from o-phenylenediamine (OPDA) utilizing the hydro-
thermal method actually originates from a molecular fluorophore,
quinoxalino[2,3-b]phenazine-2,3-diamine (QXPDA). By performing
systematic chromatographic separation and characterization using
various techniques, we identified three major components, which
emit in the blue, green and red regions, respectively. NMR and
mass spectral data tentatively confirmed the structure of QXPDA.
The extended conjugation of QXPDA has been verified by the close
resemblance of the theoretically simulated spectra with the exper-
imental vibronic progression and the mirror symmetry of the
absorption and emission spectra. On the other hand, blue emissive
species obtained after purification showed the CND like structure
with a typical size of ~3 nm under a TEM. Both excitation depen-
dent and independent emission spectra were observed in this blue
emissive species. The resemblance in Raman spectroscopic data for
QXPDA and the dot structure suggested the formation of the
QXPDA aggregated core structure in CNDs. The amount of the blue
emissive CND like dot structure was found to be substantially low
(~7 Wt%), while the amount of red emissive QXPDA was found to
be very high (~80 wt%). As a result, even with the enormously high
quantum yield (QY ~ 55%) of the blue emissive dot structure, the
presence of a vast amount of red emissive QXPDA (with a low QY of
~9%) dictates the actual red emission of the complete CND solu-
tion. We further showed that the formation of QXPDA, in terms of
the optical signature, is a general phenomenon in the synthesis of
red emissive CNDs, irrespective of any other secondary molecule
used along with OPDA.

Results and discussion
Optical characterization of the synthesized unpurified CNDs

Red emissive CNDs were synthesized by following a reported
method with a minor modification.”® In brief, the synthesis
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involved the complete dissolution of 0.108 g OPDA in 10 ml of
water under vigorous stirring followed by the addition of 5 ml of
5% hydrochloric acid (HCl) solution (Fig. 1a). The mixture was
then vigorously stirred for 5 minutes and transferred to an
autoclave hydrothermal reactor and heated at 180 °C for 10 h.
Once the reaction was completed, it was cooled down to room
temperature and then centrifuged at 16 000 rpm for 20 minutes.
The obtained black precipitate was washed several times with
water to remove any unreacted precursor material and finally
dissolved in ethanol for further characterization. It should be
pointed out that there are several reports on CND synthesis
using OPDA as the sole precursor or mixed with other precursor
molecules for the synthesis of green to red emissive CNDs as
presented in Table S1.1 However, for an easy understanding and
to avoid much complexity, we synthesized the red emissive
CNDs using only OPDA in water with a small amount of HCL.

The measured absorption spectrum of the as-synthesized
CNDs could be categorically separated into three regions
(Fig. 1b). The peaks below 300 nm could be defined as the core
state, the peaks within 300-400 nm could be assigned to the
surface state and peaks above 400 nm correspond to the
molecular state transition. Considering the earlier reports, the
peak at 236 nm in the absorption spectrum could be assigned to
either n-o* (C-NH/C-OH) transition and the peak at 285 nm
could be assigned to the -7* transition of the carbon core (C=
C and C=N) network.>*** The absorption peak at ~360 nm
could be assigned as n—7t* transition of the surface states (C-O
and C=O0). Interestingly, the peaks in the molecular state
region showed a nice progression, which could be defined as
vibronic overtone bands with the (0-0) transition at 630 nm and
with a decrease in energy difference between two overtone
bands. Similar overtone transitions have exclusively been
observed in conjugated aromatic molecules such as anthracene,
pentacene and rubrene.***® From the absorption spectrum and
considering CND synthesis, the structure could be hypothesized
to be a carbon-like core along with its surface state and mole-
cule states, which is a well-accepted structure of the CNDs
(Fig. 1c).>®

CNDs usually show excitation dependent emission i.e., the
emission maximum shifts when the excitation wavelength is
changed. Interestingly, in the present case, excitation inde-
pendent red emission was observed with the maximum inten-
sity at 650 nm (when excited at 579 nm) with the other three
peaks at around 595 nm, 710 nm and 770 nm.***>*° Similar to
the absorption spectrum, these bands also could be assigned as
the excited state overtone transitions (Fig. 1d). Interestingly,
very weak excitation dependent emission spectra with a peak
maximum at around 350 nm were also observed (inset, Fig. 1d).
The excitation independent emission and the overtone bands
observed both in the absorption and emission spectra led us to
the following questions: (1) are we really observing CNDs with
excitation independent emission and (2) are there distinctly
separated species present in the synthesis mixture? To answer
these questions, we carried out thermogravimetric analysis
(TGA), which provides information on the mass loss of the
sample upon heating. TGA works on the principle of thermal
stability of the materials. Fig. 1e shows a significant mass loss

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Schematics of the synthesis of the red emissive CNDs using OPDA as a precursor molecule. (b) Absorption spectrum of the synthesized

crude sample showing the core state, surface state and molecular state transition. (c) Schematic of a commonly accepted CND structure. (d)
Fluorescence emission spectra of the red emissive CNDs show excitation independent emission; the inset shows the excitation dependent
emission in the blue region. (e) TGA data show at least two species with different thermal stability. (f) FTIR spectrum with the designated
vibrational modes. (g) Raman spectrum shows the signature of normal vibrational modes with no signature of D and G bands which are typically
observed in graphitic material. (h & i) TEM image and the corresponding size distribution. The average size obtained was ~3 nm. (j) SAED pattern
confirming the polycrystalline nature of the CNDs with a d-spacing of 0.26 and 0.45 nm, which do not match with graphitic 001 or 002 planes.

(more than 50%) within 300 °C (starting from 170 °C) and then
the second mass loss was observed till 600 °C. Finally, complete
mass loss was observed from 600 °C to 1000 °C. The extensive
loss of mass at such a lower temperature (within 300 °C) indi-
cates the presence of less thermally stable volatile organic
compounds. On the other hand, the thermally more stable
species could be attributed to the formation of a stable CND like
structure or the aggregated core structure of organic
compounds. It should be mentioned here that the TGA data
can't suggest whether volatile organic compounds are exclu-
sively free or attached to the core structure. Nonetheless, this
data indicates the presence of at least two or more species with
different thermal stability. Interestingly, the obtained TEM
results (Fig. 1h and i) showed the CND like structure with
a typical size of ~4 nm. The Selected Area Electron Diffraction

© 2021 The Author(s). Published by the Royal Society of Chemistry

(SAED) pattern (Fig. 1j) showed few bright spots with a diffused
ring, indicating the polycrystalline nature of the sample. The
interplanar distance was calculated to be 0.45 nm and 0.26 nm,
neither of which match the 002 plane or the 001 planes of the
graphitic structure. In fact, the Raman spectroscopic data also
don't show the D and G bands typically observed in graphitic
CNDs (Fig. 1g). All these observations suggest that the dots,
which were observed under a TEM may be an aggregated
structure of the organic compound.

Purification and characterization of the components of the
CND solution

The above observations motivated us to carry out a systematic
column chromatographic purification of the synthesized solu-
tion. Unfortunately, a single solvent was not enough to elute out

Chem. Sci., 2021, 12, 3615-3626 | 3617
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all the samples and we had to use a series of solvent mixtures of
different polarities to separate out each of the components.
Three major components with distinct red, green and blue color
came out of the column when 10% ethyl alcohol in 90% ethyl
acetate (most polar), 50% ethyl acetate and 50% hexane and
finally 10% ethyl acetate in 90% hexane (least polar) were used,
respectively (Fig. 2b). It is interesting to note here that the red
component has the maximum product yield of ~80%, the green
component has ~13% and the blue component has the least
product yield of ~7%.

Next, we carried out both optical and chemical character-
ization to understand the nature of these components. Inter-
estingly, all the three components depicted different absorption
spectral signatures, which suggests their different ground state
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structures (Fig. 2a). To our surprise, the red component showed
mainly molecular state absorption at 536 nm and 575 nm. It
also showed a strong absorption peak at around 280 nm. The
(0-0) transition for the red component is approximately 50 nm
blue shifted compared to the molecular fluorophore transition
in the unpurified sample (Fig. 1b). On the other hand, with
a further blue shift, the green component also showed molec-
ular state transition at around 442 nm and the blue component
showed it at around 406 nm. Remarkably, an additional intense
peak at around ~340 nm is visible for the blue component. This
was also present in the absorption spectrum of the as-
synthesized sample (Fig. 1b). This peak most probably sug-
gested the formation of a surface state with C=0 and C=N
bonds, which is a common observation in CNDs synthesized by

300 400 500 600
Wavelength (nm)

700
|

e Blue component == Blue component

— 1.0 a — Green Pr b ? 1.0+ C Green component|
3 Surface state = Red component === Red component
& 0.84 }l nn* (c=0,c=N) $0.8
~ 340 polecular Molecular ..E
30.6 St : = 0.61
= Red B B
o 0.4 Molecular N 0.4
o o Green ©
? 0.2 a2 @ £ 0.2
< s

0.0 Blue (1 Z0.04

400 500 600 700

Wavelength (nm)

800

d l (3) 10% Et + 90% EA

Rigidity
increases

Molecular
fluorophore

l (2) 50% EA + 50% Hexane

Quasi CND
(more surface state less core state)

‘(1)10% EA + 90% Hexane

<

Rigidity further
increases

Quasi CND
(more core state less surface state)

Red Component Green component Blue component
Core state Molecular State Ex - ——em300 o

- Em absent independent 3 | Corestate | Molecular —— em320| 3 Core state | Molecular state

= e © Ex 1 State Ex ———em340| W Ex Ex independent Em

© — - ——em360) ~ |4 q 1

~ dependent 1 dent ity

> > b £ —om280

2 = Em 1 Em em400 = m I em300

‘@ a ——em400 1] ——em320

c c —em420 = I ——em340

Il o ——ema40) 9 1 em380

- c - em460 = ——em380

C - |\ — em480| — ——em400

- > '\a ~em500 —om420
2 1

400 500 600 400 500

Wavelength (nm)
1 Decreasing polarity 4

Increasing pH

Excitation independent emission
and no emission < 400 nm

Wavelength (nm)

Product yield ~80% ~13% ~7%
Absolute QY ~9.09% ~18.82% ~54.7%
Zeta potential 24 mV 21 mV 7mV

Both excitation dependent
and independent emission

600 700 300 600

400 500
Wavelenght (nm)
1 Decreasing polarity f

Increasing pH

Both excitation dependent
and independent emission

Fig. 2

(a) Absorption spectra of the three separated components; (b) schematics of the separation using column chromatography of the red,

green and blue components. (c) The emission spectra of the column separated components (inset shows the UV light emission of each
component). (d) Possible structure of the red, green and blue emissive components. The red component has a molecular fluorophore structure,
while the green and blue components show the quasi CND structure with more core formation in the blue component. (e—g) Emission spectra

recorded by changing the excitation position for red, green and blue

components, respectively. The red emissive component shows only

excitation independent emission, while the green and blue components show both excitation dependent and independent emission.
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the bottom-up approach. The observation of the surface state in
the blue component suggests the formation of a CND like
structure. On the other hand, the absence of any surface state
peak in red emissive species affirmed the molecular signature.

The measured emission spectra from each of these compo-
nents showed their respective fluorescence color (Fig. 2c and
inset). Similar to the absorption spectrum, the emission spectra
of the red component also showed vibronic progressions with
a maximum peak intensity at ~605 nm, while the correspond-
ing peak maxima for green and blue components were observed
at around 510 nm and 400 nm, respectively. We also measured
the excitation dependent fluorescence from each of these
components. Fig. 2e showed that in the case of the red
component, no emission was visible below 500 nm, rather very
strong excitation independent emission with an intensity
maximum at around 605 nm along with two progression peaks
at around 650 nm and 710 nm were observed (Fig. 2e). Inter-
estingly, similar to the unpurified sample, the red component
emission spectrum showed a mirror symmetry with the corre-
sponding absorption spectrum. Moreover, the measured exci-
tation spectra at the corresponding emission maxima for the
red component perfectly matches with the absorption spectrum
(Fig. S17). All the above-mentioned observations pose a ques-
tion on whether the red component is a real CND. If so, then
how is excitation independent emission possible? Nevertheless,
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this could be possible by considering the red emissive compo-
nent as one of the following: (1) a CND like structure with
a perfect homogeneous size distribution, (2) CNDs with a large
number of homogeneous surface states/molecular states or (3)
an independent molecular fluorophore.

The blue component, on the other hand, showed both exci-
tation dependent (below 400 nm) and independent emission
spectra with an intensity maximum at around 450 nm (Fig. 2g).
It should be noted that the red component showed the
maximum intensity in emission spectra when excited at the
molecular state absorption (580 nm), while the blue component
showed the maximum intensity when excited at surface state
transition (~350 nm). In addition, when excited within 240 to
280 nm, the blue component showed both excitation dependent
and independent emission. Interestingly, when the blue
component was excited after 300 nm, only excitation indepen-
dent emission was observed. Since the transition in the
absorption spectrum between 240 and 280 nm was assigned to
the C=C and C=N of the core state, it could be concluded that
the excitation dependent emission arises from the core along
with different surface states. Interestingly, the homogeneous
size distribution of the blue component as observed under
a TEM (Fig. S2t) ruled out the possibility of size dependent
multicolor emission.** This data suggested that the excitation
independent emission is actually due to the molecular
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fluorophore attached to the surface of the core structure (quasi
CND like structure) as shown in Fig. 2d. Similar to the blue
component, the green component also showed both excitation
dependent emission below 400 nm and excitation independent
emission spectra with an intensity maximum at around 510 nm
(Fig. 2f). A comparison of the emission spectra in Fig. 2f and g
suggests that the extent of excitation dependent emission as
compared to the independent emission is more in the blue
component than the green component. This suggests that the
amount of core state formation is less in the green component
as compared to the blue component. The detailed analysis and
assignments of both the absorption and emission spectra for all
three components directed us to conclude that the red emissive
component is an independent molecular fluorophore formed in
the mixture, while the blue and green components might have
a quasi CND structure with a variable amount of core and
surface structures. Fig. 2d and 3 show their detailed structural
and optical transitions.

To validate our hypothesis on the structural assignments of
all these components, we carried out several experiments. To
our curiosity, first, we performed fluorescence correlation
spectroscopy (FCS) measurements, which is one of the best
techniques to deduce the size of a fluorescence emitter.*>»** It is
a single molecule fluorescence fluctuation technique that
directly probes the emitter diffusion with high accuracy by
measuring the fluorescence fluctuation within a confocal
volume. By fitting the above fluorescence fluctuation to the
analytical autocorrelation function one can obtain the diffusion
coefficient and later the hydrodynamic diameter of the fluo-
rescent species. Before carrying out the real measurements, the
instrument was calibrated with a standard dye (Atto 647). The
normalized autocorrelation curve of the red emissive compo-
nent as shown in Fig. 4a provided a hydrodynamic diameter of
0.56 nm. Such a small size could only be assigned to the size of
a molecular fluorophore. Next, we performed dialysis of the red
component using a ~1 kDa cut off membrane. Interestingly, the
red component easily came out from the dialysis bag and
showed absorption and emission spectra (Fig. S3at) similar to
that shown in Fig. 2d. The measured FTIR data as presented in
Fig. 4b confirm the presence of N-H (3407 cm '), C-H
(2920 cm ™), C=N (1620 cm '), and C-N (1350 cm ') stretching
vibrations of the red emissive component. The signature D
(1355 cm™ ') and G (1590 cm ") bands, which signify the defect
and graphitic nature of carbon based materials, didn't appear in
the Raman spectra as shown in Fig. 4c. Rather, a few sharp
transitions at 1230 em ™!, 1369 cm ™! and 1480 cm ™' attributed
to N-H bending, C-N and C=N stretching, respectively, were
observed. The Raman data disproves any formation of a CND
like graphitic core structure in the red component. In addition,
instead of a broad band at 2 theta, several sharp peaks were
obtained in the XRD data (Fig. S3bf). More interestingly,
a complete mass loss of the red component within 200 °C was
observed in the TGA data, which exclusively suggests the highly
volatile organic nature of the red emissive component (Fig. 4d).
We have carried out a mass analysis of the red emissive
component. The actual mass of the red emissive component,
which was denoted as QXPDA (C;3H;,Ng), is m/z = 312. The
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Fig. 4 Detailed characterization of red and blue components. (a) FCS
data show that the autocorrelation curve of the red emissive
component is very similar to that of the ATTO 647 dye. This suggests
a molecular fluorophore like signature of the red emissive component
with a size of 0.6 nm. The blue emissive component has a much slower
autocorrelation decay curve that corresponds to a size of ~6 nm. (b)
Experimental and theoretical simulated FTIR spectra of the red
component. The fingerprint region shows similarity in the vibrational
bands, especially the highly intense C=N, N-H, and C-N stretching
modes. (c) Raman spectra of both blue and red components show very
high similarity of the vibrational bands. No signature of D and G bands
for the graphitic material is observed. (d) TGA data show that the red
component loses its mass within 200 °C, while the blue component
shows thermal degradation only after 500 °C. (e) Lifetime data of both
blue and red components. The blue component has a much higher
lifetime in comparison to the red component, thus suggesting higher
radiative decay for the blue component. (f) Anisotropy decay of the red
emissive component and (inset) blue component. The rotational
correlation time was found to be much larger in the blue component
suggesting its larger size in comparison to the red component.

mass spectrum as presented in Fig. S41 shows weak adduct ions
with m/z = 313 (C13H1,Ng + H)" and strong peaks at m/z = 318,
335 and 353, which correspond to [318 (C,sH;,Ng + Li)'], [335
(C1sH1,Ng + Na)'] and [353 (C15H1,Ng + K + 2H)'], respectively.
Further, we carried out energy dispersive X-ray analysis (EDX)
elemental analysis, which showed that QXPDA comprised
carbon and nitrogen only with a dominant amount of carbon
(Fig. S51). Finally, we recorded the "H-NMR spectrum to shed
light on the chemical structure of the red emissive component
(Fig. S61). The "H-NMR data of the red component are as follows
(500 MHz, DMSO-de): 6 8.58 (q, J = 3.45 Hz, 1H), 8.15 (q, ] =
3.45 Hz, 1H), 7.64 (b, 1H), 7.42-7.32 (m, 1H), 7.25 (d, J =
10.95 Hz, 1H), 7.17 (b, 1H), 6.88 (s, 1H), 6.71 (s, 1H), 6.33 (s, 1H),
4.37 (b, 1H), 4.11 (s, 1H), 4.02 (dd, J; = 6.85 Hz, J, = 7.55 Hz,
1H), 3.56 (s, 1H), 3.44 (dd, J, = 6.2 Hz, ], = 6.85 Hz, 1H), 3.36 (s,
1H), 3.16 (s, 1H), 1.98 (s, 2H), 1.17 (t,] = 6.85 Hz, 2H), 1.05 (t,/ =

© 2021 The Author(s). Published by the Royal Society of Chemistry
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6.85 Hz, 3H). The above proton NMR data suggested the
tentative structure of the molecular fluorophore to be QXPDA
(Fig. 2 and 3). The formation of QXPDA is quite obvious by
following the oxidation reaction scheme of OPDA in the pres-
ence of oxygen in a hydrothermal reaction (Fig. S71). Although
at the initial stage there is a chance of production of phenazine-
2,3-diamine, the long-term reaction finally produced only
QXPDA.** This was verified by the measured absorption and
emission data of the commercially available phenazine-2,3-
diamine (Fig. S8t). Interestingly, the hydrodynamic diameter
obtained from the FCS results for the blue emissive species was
much larger (6 nm), which suggests the CND like structure
(Fig. 4a). In addition, the TGA data showed a mass loss only
after 550 °C, thus confirming the bigger size and the thermally
stable dot-like structure. However, the similarity in the Raman
spectra of QXPDA and the blue component dot structure
suggests the formation of the QXPDA aggregated structure
rather than a pure graphitic core structure in the blue emissive
species.

To correlate the structural transformation of these compo-
nents, we calculated the absolute quantum yield (QY) and zeta
potential. The absolute QY was measured by the integrating
sphere method. Interestingly, the QY of the blue component
was found to be as high as 54.7% and for the red component it
was the lowest i.e., 9.1%, while the QY of the green component
was obtained as 18.8%. The increased QY of the blue emission
could be attributed to the nitrogen doped core structure and the
aggregation induced rigidity of the molecular state.**** The
increased rate of radiative relaxation is a very common
phenomenon in aggregation induced emission.*” The increase
in the lifetime value from the red component (2.15 ns) to the
blue component (5.46 ns) indeed supports the increase in the
QY of the blue component (Fig. 4e). Such an observation of the
increased QY along with spectral blue shift which occurred due
to the reduction of polarity is a very well-known phenomenon in
aggregation induced rigidity of the structure. The structural
rigidity of the molecule prevents energy loss through non
radiative rotational and vibrational relaxation processes, which
occur in less rigid or freely rotating functional groups.***° The
nitrogen-based heterocycles or amine functionalized
compounds undergo extensive intersystem crossing, excited
state predissociation and internal conversion, which reduce the
fluorescence intensity.’"*> Upon aggregation, such processes are
greatly hindered and increase the fluorescence intensity. Fig. 2b
clearly shows that the blue emissive CNDs are eluted out in
a less polar solvent than the red emissive species. This obser-
vation suggests a less polar nature of the blue emissive CNDs. As
a result, the emission in blue CNDs occurs from the high-lying
excited state as compared to the red emissive QXPDA. The
hydrodynamic diameter of ~6 nm for the blue component as
supported by the FCS data, supports the CND like size. In
addition, the increased anisotropy in the case of the blue
component supports a more rigid structure of the blue
component than the red component (Fig. 4f). The measured
zeta potential also supports our hypothesis. A higher zeta
potential value of 24 mV was observed for the red emissive
species, while it was reduced to 7 mV for the blue component

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S97). The substantial decrease in zeta potential in the blue
component suggests a considerable reduction of the molecular
state (fluorophore) and the formation of the aggregated core
structure. Recently, self-assembly of a molecular fluorophore,
namely 5-ox0-1,2,3,5-tetrahydroimidazo-[1,2-a]-pyridine-7-
carboxylic acid (IPCA), has been shown to form an organized
stacked blue emissive CND like structure.*® It is interesting to
point out here that, although the QY of red emission is much
lower (~9.1%) than the blue emission (~54.7%), the emission
spectral behavior and the QY of the as-synthesized crude
sample is largely dictated by the large amount of the red
emissive fluorophore (~80%) present in the synthesis mixture
in comparison to the very small amount of the blue component
(~7%).

Theoretical interpretation of photoluminescence of the
molecular fluorophore

In order to obtain details of the origin of the absorptions,
emissions, and corresponding vibronic progressions of the red
component, we turn to theoretical spectroscopic calculations at
the TD-DFT level using three different density functionals,
namely CAM-B3LYP, B3LYP, and M06. Details of the theoretical
calculations are documented in the ESL.{ Among the three
functionals, only CAM-B3LYP could produce spectra closest to
the experimental ones with a maximum spectral shift of
~40 nm to the peak positions, which is within the uncertainly
limit of our TD-DFT calculations (Fig. 5b). We analyzed three
molecular species, phenazine-2,3-diamine (PDA), QXPDA and
pyrazino[2,3-b:5,6-b']diphenazine-2,3-diamine ~ (PZDDA), as
shown in Fig. S7, which could potentially form during the
synthesis of CNDs. However, according to our best estimated
CAM-B3LYP results, only the absorption and emission spectra
of QXPDA match with the experimentally recorded red compo-
nent spectra, whereas the calculated spectra for PDA and
PZDDA are far off from the experimental ones (Fig. S10t). In
addition to the peak positions, the vibronic overtone bands with
descending energy difference, 0-0 — 0-1 = 46 nm, 0-1 — 0-2
=40 nm, 0-2 — 0-3 = 35 nm in the absorption and ascending
energy difference 0-0 — 0-1 = 63 nm, 0-1 — 0-2 = 69 nm in
the emission closely match with the experimental results
(Fig. 5a). This provides conclusive evidence that QXPDA
featuring a five-membered ring is responsible for the red
component emission.

To obtain a detailed picture of the electronic nature of the
optical transitions, we analyzed the three lowest singlet excited
states, Sy, S,, and S;, of QXPDA. As predicted by the TD-DFT
method, the S; state is dominated by a HOMO — LUMO tran-
sition (94%) of a w — 7* nature (Fig. 5c), whereas the closely
lying S, and S; states are dominated by (HOMO — 3) — LUMO
(84%) and (HOMO — 4) — LUMO (84%) transitions, respec-
tively, which are of an n — 7* nature. The S, state is central to
our discussion as it plays a key role in the absorption and
emission behavior of QXPDA. To gain a more qualitative
description of the electronic excitation, we investigated the
natural transition orbital (NTO) pairs that constitute the S;
state. As shown in Fig. 5c, the S; state is solely comprised of one

Chem. Sci., 2021, 12, 3615-3626 | 3621
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Fig. 5 Theoretical interpretation of photoluminescence of the molecular fluorophore. (a) Experimental and (b) TD-DFT CAM-B3LYP computed
absorption and emission spectra along with the vibronic overtones. (c) Natural transition orbitals (NTOs) and canonical molecular orbitals (HOMO
and LUMO) of the organic fluorophore, QXPDA, responsible for the red component.

NTO pair with an occupation number close to one, 0.95.
Notably, the NTOs are of a similar electronic nature to that of
the HOMO and LUMO.

TEM and SEM imaging of the components and their
interpretation

For in-depth structural characterization, we performed TEM
analysis of all three components and SEM of the red component
(Fig. 6). The blue component depicted a clear aggregated core

Fig. 6 TEM image of the (a and b) blue and (c and d) green compo-
nent. (e—h) TEM image of the aggregated structure of the red
component under different experimental conditions. (i—k) SEM image
of the red component shows ribbon, flower and seed like structures.

3622 | Chem. Sci,, 2021, 12, 3615-3626

structure with a d-spacing of 0.21 nm (Fig. 6a and b). The green
component also showed a dot-like ~3 nm amorphous structure
(Fig. 6¢ and d). The blue component can thus be considered
a CND like material, while the green component is supposed to
be an aggregated fluorophore structure. Interestingly, distinct
morphologies were observed for the red component under
different environmental conditions. For example, it showed
either small dots, large dots or ribbon-like structures under
a TEM. These suggested the molecular fluorophore behavior of
the red component, which can undergo different types of
aggregation processes under different conditions (Fig. 6e-h).
The morphology of the red component is further confirmed
using a scanning electron microscope (SEM), which clearly
shows thread, ribbon, or flower-like structures (Fig. 6i-k). The
elemental composition obtained from EDX confirmed that
these threads, which are made up of the red component, were
entirely comprised of carbon and nitrogen only (Fig. S11+).

Red CNDs synthesized under different conditions

We have synthesized the red emissive CNDs by changing the
precursor molecules as reported in the literature and also by
changing the temperature of the reaction.*®** Surprisingly, in all
the cases, the observations were closely similar as discussed
above, albeit with minor changes in the optical properties. For
example, red CNDs synthesized from (1) the OPDA and dopa-
mine (DOP) mixture and (2) OPDA and catechol (CAT) in
a hydrothermal synthesis showed an extensive amount of red
emission along with blue emissive components (Fig. 7). Inter-
estingly, when we performed the chromatographic separation,
all the three-color emissive components, as reported in this
work, were observed. The red components, in both cases,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Absorption of the red emissive CNDs synthesized using different precursor molecules. (Blue color) CNDs synthesized using OPDA as

the only precursor molecule, (green color) CNDs synthesized from OPDA and dopamine (DOP) and (red color) CNDs synthesized from OPDA
and catechol (CAT). (b—d) Emission spectra for the CNDs synthesized from OPDA, OPDA-DOP and OPDA-CAT. It is seen that the emission
intensity or the extent of the blue component depends on the precursor molecules. (e & i) Absorption spectra of column separated red, green
and blue components for OPDA-DOP and OPDA-CAT. The observed spectral features have similarities up to a large extent. (f—h) The emission
spectra with the change in excitation wavelength for the red, green and blue components for OPDA-DOP and for (j—) OPDA-CAT. Interestingly,
the red emission spectral features in all the three cases bear extreme similarities, suggesting the origin from a similar type of chemical structure.
The excitation independent part in the blue and green component also bears similarities, while the excitation dependent part has a slight
difference, suggesting the slight difference in the extent of core structure formation.

showed completely excitation independent emission. In addi-
tion, the FCS measurements confirmed the size of these
components within the range of 0.5-0.7 nm (Fig. S1271). A slight
difference in the emission spectra, especially in the green
component, suggests the different extent of aggregation and
core structure formation. In all these cases the red emissive
component was present in a substantial amount and thus
decided the color of the as-synthesized solution.

We also varied the reaction time and observed that with the
increase in reaction time, the amount of the green component
and finally the blue component in the reaction mixture
increases substantially (Fig. S13%). Finally, to verify the role of
HCl in the red emissive nature of the synthesized CND solution,
we carried out systematic CND synthesis by varying the
percentage concentration of HCI. Fig. S14t1 shows the presence
of only red emissive species when a lower concentration of HCI
(1% and 5%) was used, while a further increase of the HCI
concentration to 9% leads to the appearance of the blue emis-
sive component. It could be proposed that the amount of the
red emissive molecular fluorophore is optimum up to a 5% HCI
concentration. A further increase in HCl concentration may
trigger the formation of the rigid blue emissive nature of CNDs.
This conclusion is in the line with the long-term reaction

© 2021 The Author(s). Published by the Royal Society of Chemistry

conditions required for the synthesis of CNDs, as reported by
Ehrat et al®* or the increase in temperature as shown in
Fig. S13.1>

Cell imaging by the red and blue emissive species

Finally, we checked the cytotoxicity assay of the as-synthesized
CNDs and each of the well-separated components to check
their biocompatibility for the bioimaging application. Fig. 8i
shows that while the as-synthesized samples showed a little
toxicity towards MCF-7 cells at higher concentration, the indi-
vidual separated components are almost nontoxic. Finally, we
checked the bioimaging of the as-synthesized and the highly
purified red component. Confocal microscopy images show that
the cells incubated with the as-synthesized material have the
capability of multicolor imaging from blue to green to red
(Fig. 8b-d), while the pure red component appears only in the
red channel (Fig. 8f-h). Lastly, we carried out fluorescence
lifetime imaging (FLIM) to check whether it could be used as
a probe in metal induced energy transfer (MIET), one of the
newly developed techniques for cellular dynamic study. Inter-
estingly, we could see that the red component provides almost
homogeneous lifetime distribution throughout the cytoplasm
and nucleus with a full width at half maximum (FWHM) of 0.40

Chem. Sci., 2021, 12, 3615-3626 | 3623
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observed for the red component. (i) Cytotoxicity data of the crude and all three column separated components, suggesting the non-toxic nature
of the materials. (j & k) Fluorescence lifetime imaging and the corresponding distribution. The data show a homogeneous lifetime of the red

component throughout the cell with a FWHM of 0.4 ns.

ns (Fig. 8 and k). All the data suggested that the newly
synthesized red component can find potential bioimaging
applications with very high efficiency.

Conclusions

In conclusion, for the first time, we have revealed the actual
origin of the absorption and emission of light in red emissive
CNDs, which were synthesized using OPDA as the precursor
molecule. We showed that the emission in red emissive CNDs
actually originates from a molecular fluorophore, QXPDA,
which is largely present in the synthesis mixture as a by-
product. The results from the theoretical calculations at the
TD-DFT level further strengthen the origin of the red emission
from QXPDA. The real CND like properties are observed from
the blue emissive component, which is present in a very small
amount in the solution. The red emissive fluorophore showed
only ~9% absolute QY with complete excitation independent
emission spectra. On the other hand, the blue emissive species
show a very high QY of ~55% with both excitation dependent
and independent spectra. The excitation dependent emission
originated from the core and different surface states, whereas
the excitation independent emission originated from the
attached fluorophore in the blue emissive CNDs. We further

3624 | Chem. Sci, 2021, 12, 3615-3626

showed that the formation of QXPDA, in terms of the optical
signature, most likely is a general phenomenon in the synthesis
of red emissive CNDs, irrespective of any other secondary
molecule used along with OPDA. These results suggest that the
CNDs produced by a hydrothermal method should be analyzed
with proper consideration and extensive purification tech-
niques should be employed before concluding the nature of the
emission in CNDs.
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