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Molecular Insights of Carbon Nanodots Formation and
Their Two-Photon Emission Properties

Nilanjon Naskar, Manfred Wagner, Hans Joachim Réder, Haoyuan Qi, Ute Kaiser,

Tanja Weil, and Sabyasachi Chakrabortty*

1. Introduction

The structure formation of carbon nanodots (C-dots) prepared from three dif-

ferent organic precursors is discussed at the molecular level. During microwave
synthesis, organic chromophores associated with C-dot structures are formed
that exhibit distinct optical features. The molecular structure of these fluoro-
phores is elucidated and their optical properties with and without the C-dots are
investigated. The emergence of two-photon emission is observed and correlated
with the hybridization state of the carbon atoms within the C-dot as well as the
formation of the fluorophores. Varying contents of sp’- and sp®-hybridization in
different C-dots also affect their one-photon and two-photon emission charac-
teristics. Understanding the molecular structure of the carbon nanocore and the
organic fluorophores formed in C-dots would enable rational design of C-dots
with improved optical features, which would be of great relevance for their

applications, for example, in bioimaging.
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Carbon nanodots (C-dots) are sub-10 nm
fluorescent carbon nanoparticles synthe-
sized from low-cost organic precursors that
showcase exciting properties such as
biocompatibility,!!  photostability,’”) easy
surface functionalization,?"* or two-photon
(TP) excited emissions.”®! These unique
features have generated broad interest in
sensing,”’ multimodal  bioimaging,™”
photocatalysis," ! drug delivery,™?!
photonics,™!  and  recently  additive
manufacturing.'  C-dots are usually
prepared by relatively simple synthetic
procedures including top-down approaches
such as laser ablation,!™” chemical,*®! and
electrochemical oxidation'” as well as
bottom-up methods like microwave irradi-
ation,™® ultrasonication,!*! and hydrothermal®®/solvothermal*”!
approaches. However, the formation mechanism as well as the
molecular structure of the C-dots, which can dictate their photo-
luminescence (PL) properties, is still barely understood. Several
parameters such as the precursor molecules, the method of prep-
aration, reaction time, and temperature could affect the optical
properties of the as-synthesized C-dots.*=**! A molecular under-
standing on how the precursor’s molecules affect the optical
properties would be very useful to rationally design C-dots with
the desired optical features.

The PL characteristics of C-dots originate from the bandgap
transitions of conjugated z-electron rich domains, recombination
of surface-trapped charges, electron-hole pairs inside small
sp>-carbon clusters, or surface-trapped excitons.***’! The
occurrence of the emission of PL states was explained in various
studies by quantum size effects, surface states, and molecular
states. For example, the inverse correlation between the highest
occupied molecular orbital (HOMO)-lowest unoccupied molec-
ular orbital (LUMO) energy gap and the size of the graphitic
layers has been proposed to explain the observed size-dependent
optical properties of different sized C-dots.*?7! In addition, sev-
eral other studies suggested that the presence of surface emissive
trap states,**>® surface oxidation/reductions, and modifica-
tionsP*~*! are responsible for the emissive behavior of C-dots.
Their characteristic emission was suggested to originate from
graphitic domains inside the carbonaceous core and extrinsically
from surface states.*>~** It was proposed previously that C-dots
contain multiple chromophoric units connected to the carbona-
ceous core and that oxygenated surface defects form the
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emission traps.[*” In alternative studies, it was shown that the PL
could be dominated by organic fluorophores associated with the
carbonaceous core or its surface.” The yield of these organic
fluorophores varies with synthesis temperature, and it was pos-
tulated that at high temperatures, these fluorophores are dehy-
drated, polymerized, and then carbonized to produce highly
photostable carbogenic cores of low quantum yield
(QY).#>2648 Thus, elucidating the molecular structures of these
fluorophores within the C-dots could lead to a better understand-
ing of their observed optical properties.

TP excited visible fluorescence, an optical phenomenon in
which the emission wavelength can be shorter (of high energy)
than the wavelength of the exciting photon, is attractive for bio-
imaging applications as it can enhance tissue penetration and
reduce background autofluorescence.*’*! Several studies have
connected the occurrence of TP emission properties of C-dots
to their mode of preparation.?***=! These studies postulated
multiphoton activation processes as a probable origin for the
TP emission, where sequential absorption of two or more low
energy photons can result in anti-Stokes-type PL.P?) However,
a study by Shen and co-workers argued that the limitation of mul-
tiphoton excitation processes could be an insufficient explana-
tion,”* and Wen et al. suggested that TP emission could be
an artifact originating from the excitation by the leaking light rays
from the second diffraction inside the monochromator of the
spectrophotometer, which could be removed by adding a suitable
long-pass filter.”* Therefore, the origin of the TP emission of C-
dots is still under debate.

Thus, outcome of their observed properties was largely not pre-
dictable in the literature. In that respect, the correlation between
the initial choice of precursors for C-dots synthesis and their
obtained one-photon and two-photon optical properties repre-
sents a key challenge for their application. Also, the origin of their
optical characteristics has not been correlated to structural param-
eters and their detailed structural elucidation has not been
reported in the literature so far. Herein, we have studied the for-
mation mechanism of organic fluorophores in C-dots synthesized
by a straightforward bottom-up approach by applying three differ-
ent kinds of precursor molecules. We discuss the importance of
the molecular precursors and how they could affect the observed
optical properties of the as-synthesized C-dots. The emergence of
TP emission properties of C-dots was attributed to the presence of
n-electrons in the molecular precursors and the formation of flu-
orophores during C-dot synthesis. The sp?/sp>-hybridization of
the carbonaceous core of the C-dots was investigated, and
improved TP emission properties were found for such C-dots
consisting of relatively larger sp>-hybridized domains. The chem-
ical structure of the formed fluorophores was resolved. We ana-
lyzed the photostability and biocompatibility of the C-dot with and
without the fluorophores, and we could show that the presence of
the carbonaceous core interacting with these fluorophores plays a
crucial role in controlling their fluorescence stability. We envision
that a molecular understanding of the chemical reactions occur-
ring during C-dot synthesis will provide new avenues for the ratio-
nal design of C-dots with optimized optical features that would be
of great interest for bioimaging.
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2. Results and Discussion

2.1. Synthesis and Characterization of the C-Dots

Various C-dots were synthesized based on published protocols
with citric acid (CA) as the main carbon source®>*% in com-
bination with passivating agents such as 2-aminoethylphos-
phonic acid (APA), polyvinylpyrrolidone (PVP), PEG-600
(PEG), PEG-diamine (PEGD), polyethylenimine (PE), ethyle-
nediamine (EDA), and o-phenylenediamine (PDA) (see struc-
ture in Figure 1).2>°772l We employed microwave-assisted
synthesis to prepare three different types of C-dots in aqueous
solution based on three different precursors, aromatic PDA
and aliphatic EDA, both containing amino groups, as well
as aliphatic PEG without amino groups. The corresponding
C-dots solution was termed CAPDA, CAEDA, and CAPEG,
respectively. C-dot synthesis was performed for 20 min at
150 °C (8 bar, 70 W) in the microwave synthesizer. Then,
the C-dots were purified through a 0.2 pm pore-sized cellulose
membrane-based syringe filter to remove any larger aggregates
present in solution. In addition, dialysis was employed to
purify the C-dots from unreacted precursors and other byprod-
ucts. Polyacrylamide gel electrophoresis (Nu-PAGE) showed
that CAEDA-p C-dots have larger dimensions than CAPDA-
p C-dots as they diffused slower through the electrophoresis
distance as shown in Figure Sla, Supporting Information.
The average sizes of the C-dots were obtained using transmis-
sion electron microscopy (TEM) and narrowly dispersed par-
ticles of 2.3 £0.6nm (CAPDA-p), 4.3+ 1.4nm (CAEDA-p),
and 4.5+2.1nm (CAPEG-p) were found (Figure 1d-i) that
could be dispersed in aqueous solution without the formation
of larger aggregates. The C-dots were formed during micro-
wave synthesis and no aggregate formation was observed.
The nanoparticles were well dispersed and remained colloidal
stable in water and an average hydrodynamic diameter of
about 5.6 nm (Figure S1b, Supporting Information) was cal-
culated from dynamic light scattering data, which correlated
well with the measured size determined from the TEM images
of 2.3 nm (Image J, v1.53c, W. Rasband, National Institute of
Health, USA). The slight increase was attributed to the
ligand or solvent shell around the nanoparticles. No aggregate
formation was observed even after 1 year of storage
indicating high colloidal stability (Figure Slc, Supporting
Information).

C-dots were dispersed in water and CAPDA (greenish-yellow)
and CAEDA (reddish-yellow color) revealed characteristic colors,
whereas CAPEG appeared colorless. We supposed that these
optical properties of the CAPDA and CAEDA nanoparticles could
be related to the formation of carbonaceous cores and with the
associated fluorophores (Figure 1a,b) and that in case of CAPEG,
no associated fluorophores were formed (Figure 1c). In the fol-
lowing, we have first investigated the C-dot cores CAPDA-p,
CAEDA-p, and CAPEG-p and then elucidated the molecular
structures of the formed fluorophores to correlate the observed
optical properties to the structural features of the fluorophore-
associated C-dots.
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Figure 1. a—c) Schematic representation of C-dot synthesis, where CA was used in combination with three different precursor molecules (PDA, EDA and
PEG) to obtain C-dots in solution. Under microwave irradiation, a carbonaceous core and molecular fluorophores were obtained simultaneously for
CAPDA (CAPDA-p) and CAEDA (CAEDA-p) precursors. In case of CAPEG (CAPEG-p), no fluorophores were formed. Bright-field TEM images and

the corresponding size distributions are depicted in d,e) for CAPDA, f,g) for
with average sizes of 2.3 nm (CAPDA-p), 4.3 nm (CAEDA-p), and 4.5 nm

2.2. Characterization of the Composition, Interlayer Spacing,
and Energy Bandgap of the C-Dots Cores

X-ray photoelectron spectroscopy (XPS) characterization was per-
formed to investigate the surface composition of the obtained C-
dots. The deconvolution of high-resolution C 1s spectra revealed
the presence of three peaks around 284.5, 285.8, and 288.5 eV for
the C-dots CAPDA-p, CAEDA-p, and CAPEG-p. We attributed
these peaks to C=C (sp?), C—C (sp’), C—H, C=0, or COOH
surface functionalities of the C-dots.[! Quantitative analysis
revealed a sp’-, sp>-carbon ratio for C-dots CAPDA-p, CAEDA-p,
and CAPEG-p of 1.28, 0.47, and 0.90, respectively (Figure 2a—c).
A relatively higher content of sp®hybridized carbon of the
CAPDA-p C-dot surface could originate from the aromatic
PDA precursor. X-ray diffraction (XRD) characterization was
performed to investigate the crystallinity of the C-dots. A broad
diffraction pattern indicating amorphous-like, rather distorted
structures!®®! consisting of a mixture of sp>- and sp>-hybridized
carbon atoms was observed. CAPDA and CAEDA showed a
broad characteristic peak angle at 19.50° and 17.64°, respectively,
indicating the presence of a heterogeneous environment of the
carbon atoms within the crystal structure (Figure S2, Supporting
Information). In comparison, graphite, comprising pure sp*
hybridized domains, has a characteristic peak angle of 26.60°.[°%

Aberration-corrected high-resolution transmission electron
microscopy (AC-HRTEM) (Figure 2d-f) was conducted to char-
acterize the crystallinity as well as the structural variation in the
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CAEDA, and h,i) for CAPEG. These obtained C-dots were narrowly dispersed
(CAPEG-p), respectively.

C-dots derived by different precursors. The clearly lattice fringes
in AC-HRTEM images demonstrate the high crystallinity of the
carbonaceous cores, which was further evidenced by the sharp
diffraction spots in the selected-area electron diffraction
(SAED) patterns (Figure 2g—i). As the C-dots are randomly ori-
ented on the TEM supporting film, we could only observe lattice
fringes with different spacing. It is therefore significantly
challenging to determine the exact atomic arrangement of the
sp?/sp*>-hybrid carbonaceous cores. However, we observed an
increase in the largest lattice plane spacing, i.e., interlayer spac-
ing, from CAPDA-p (0.34 nm), CAEDA-p (0.37 nm) to CAPEG-p
(0.48 nm). Interestingly, the interlayer distance in graphite is
0.335 nm,®* which is in a similar range as the spacing found
in the CAPDA-derived C-dots. The high sp®-hybridization con-
tent from the aromatic PDA precursor in CAPDA could influ-
ence the interlayer spacing that possibly resulted in much
smaller interplanar distances in C-dot CAPDA-p.

To assess the sp?, sp>-hybridization content of the C-dot core,
electron energy loss spectroscopy (EELS) was performed. The
EELS spectra from the carbon K-edge of carbonaceous cores were
deconvoluted using the “three-Gaussian” fitting method,®”!
where a linear combination of three Gaussian functions was fit-
ted in the z* and ¢* energy regions. The first two functions were
centered at 285.0 and 287.8 eV, which denotes the transition to
the z*-state (sp>-bonding) and the third function was set at
292.2 eV that represented the transition to the o*-state (sp’-
bonding).!*>~*”) Quantitative analysis revealed sp*, sp*-bonding
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http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

www.adpr-journal.com

(@) 9000 (B) 000 (©) 16000
8000 ~—-284.58 - 284.42 —— 284,55
4 ——285.93 —285.78 ——285.80
CAPDA-p ——288.53 5000+ CAEDA-p ——288.23 CAPEG-p 288.83
70001 gpn2/spd =1.28 sp?/sp® =0.47 120004 sp2/sp® = 0.90
6000 - 4000 4
@ 5000 H c
§ § 3000 9 8000
4 c
£ 4000 £ 5
3000 2000
2000 - 40001
1000 -
1000
0 T T T T T o T T T T T 0 - T - - -
292 290 288 286 284 282 280 292 290 288 286 284 282 280 292 200 288 286 284 282 280

B.E.(eV)

B.E.(eV)

B.E.(eV)

¢ 4 5.811/nm

5 nml 5 nml!

5.441/nm .

4 nm1! "

Figure 2. a—c) C 1s XP spectra of the C-dot cores CAPDA-p, CAEDA-p, and CAPEG-p. d—f) HRTEM images of CAPDA-p, CAEDA-p, and CAPEG-p.
g—i) SAED patterns of the C-dots cores clearly showed the interplanar spacing as g) 0.34nm for CAPDA-p, h) 0.37nm for CAEDA-p, and

i) 0.48 nm for CAPEG-p.

ratios for C-dots CAPDA-p, CAEDA-p, and CAPEG-p as 0.61,
0.45, and 0.13, respectively (Figure S4 and Table S1,
Supporting Information). This confirmed the presence of rela-
tively larger sp’-domains in CAPDA-p C-dots. Furthermore,
Raman measurements were also carried out to investigate the
carbon structure. The Raman spectra showed the presence of
two clear signature peaks around 1358 cm™' (D-band) and
1586 cm™! (G-band) in the carbonaceous cores. The D-band cor-
responds to structural defects in graphitic sp>-hybridized carbon
and the G-band is represented by disordered sp>-hybridized car-
bon clusters. The Raman spectra were deconvoluted and their
corresponding areas were used to estimate the sp’ to sp>-carbon
ratio (Ig/Ip ratio) (Figure S5, Supporting Information). A reduc-
tion of the ratio from 1.4 for the CAPDA-p core to 0.8 for the
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CAEDA-p core indicated comparatively higher sp’-content inside
the CAPDA-p C-dots. Next, we investigated the formation of
molecular fluorophores.

2.3. Characterizations of the Molecular Fluorophores Associated
with C-Dots

The CA and the amine precursor react under microwave
conditions and polymerization, dehydration, and continuous
aromatization could occur that could lead to the formation of
the C-dots as well as fluorophore molecules. Initially, the
as-synthesized carbon nanodot solution was filtered through
0.2pm pore-sized cellulose membrane-based syringe filter
(CHROMAFILRC) to remove any possible aggregates before
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further purifications. In order to assess, whether C-dots and asso-
ciated fluorophores were formed, we applied repeated dialysis
purification to separate the carbonaceous C-dot cores from the
free molecular fluorophores in solution. We envision that all
the as-synthesized C-dots are associated with fluorophores
similar structures that are either bound covalently or strongly
physisorbed at their surface or mechanically trapped inside the
C-dot structure. The CAPDA and CAEDA C-dots suspension
turned colorless (as depicted Figure S6a, Supporting Information,
digital image, schematic illustration in Figure S6b, Supporting
Information) after purification by dialysis and HPLC
(Figure S7a, Supporting Information), and the fluorescent solu-
tions containing the fluorophores were isolated. In contrast,
dispersed CAPEG as well as its surrounding solution appeared
colorless, indicating that no fluorophores were formed
(Figure S6c, Supporting Information). Purified fractions showed
the presence of two chromophore molecules corresponding to flu-
orophore 1 that was formed in about 25% yield (structure 1,
264.07 gmol ™", C;,H;,N,05) and fluorophore 2 that was formed
in about 63% yield (structure 2, 246.06 gmolfl, C12H1oN,04) as
depicted in Figure 3. The yield was estimated from NMR but
inside the measured solution obtained from the fractions F1-F3
(Figure S7a, Supporting Information). The fractions F1-F3
showed strong electrospray ionization mass spectrometry (ESI-
MS) signal at m/z 265.08 as compared to the fractions F4 and
F5, indicating the presence of purified molecule in larger quantity
in the fractions F1-F3 (Figure S7b, Supporting Information). Also,
some impurities could not be removed and were detected in
HPLC and in the NMR spectrum. The structures of the
isolated fluorophores from CAPDA (1 and 2) and CAEDA 3
(216.07 gmol ™!, CgH;,N,05) were analyzed by 'H-NMR as
depicted in Figure 3a,b, S8, S15, Supporting Information, 13C-
NMR (Figure $9, $16, Supporting Information), *H-*C HSQC
(Figure S$10, S17, Supporting Information), 'H-'*C HMBC
(Figure S11, S18, Supporting Information), COSY (Figure S12,
S19, Supporting Information), and DOSY (Figure S13, S20,
Supporting Information). The shorter relaxation time due to
the interaction of the connected quadrupole nuclei *N to the
neighbored dipole carbon atoms can be a plausible reason for
broadening the > C-NMR signall®® and resulting in the signal dis-
appearance of carbon atom C8 in CAPDA fluorophore and C5 in
CAEDA fluorophore (Figure S9, S14, S16, Supporting
Information). The signals of two coupled AB systems were iden-
tified and assigned (CH, groups C11, C13 in structure 1, CH,
groups C30, C33 in structure 2 of the CAPDA fluorophore and
CH, groups C1, C2 and C7, C10 in structure 3 of the CAEDA
fluorophore) (Figure 3a,b, S8, S15, Supporting Information).
The 'H-NMR signals of coupled hydrogen systems (H20, H21
and H22, H23) in CAEDA fluorophore were identified from
'H-C HSQC and 'H-"*C HMBC spectra (Figure S17, S18,
Supporting Information). The proposed molecules and their
elemental compositions were further confirmed by accurate mass
and MS/MS analysis (Figure 3c,d, S21 and Table S2, Supporting
Information). The highly symmetric structure 2 (C;,H1oN,04) is a
condensation product of structure 1 (C;,H;,N,0s). But the signals
of structure 2 were not detectable in the mixture possibly because
of ionization suppression effects. However, the fragmentation pat-
tern of the CAPDA fluorophore molecular ion (m/z=265.08)
showed the presence of signals at m/z 247.06 and 229.05,
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suggesting that such cyclic molecules detected by NMR are very
probable intermediates from one of the fluorophores in the mix-
ture (Figure S22, Supporting Information). In general, the frag-
mentation pattern of the fluorophores shows multiple mass
differences of m/z 18.01 for H,0 and 43.99 for CO,, indicating
that the main decomposition pathway is dehydration and decar-
boxylation and thus confirming the presence of multiple number
of -OH and —COOH functional groups in the precursor mole-
cules. The reported structures were elucidated based on state-
of-the art 'H and "*C NMR spectra including 2D NMR correlation
graphs (Figure S8-S13, S15-S20, Supporting Information) as well
as ESI-MS spectra (Figure S32a, S33a, Supporting Information)
and MS/MS spectra (Figure S21, Supporting Information) of
the C-dot (a) CAPDA, (b) CAEDA molecular fluorophores and ele-
mental composition analysis (Table S2, Supporting Information).
Furthermore, similar ions with a molecular mass 0f 217.08 (MH™)
were found for fluorophores synthesized from CA and passivating
agents ethylenediamine and 1,10-diaminodecane (DAD) under
identical ~reaction conditions (Figure S23, Supporting
Information). The MS/MS spectra together with the elemental
compositions from accurate mass measurements and structural
confirmation from NMR unambiguously prove the proposed
structures. Formation of stable, low ring strain five- and six-
membered structures during condensation and aromatization
processes can be a probable reason for the formation of similar
chemical structures from a longer alkyl chain containing precursor
DAD molecule. Probable formation mechanism of the proposed
fluorophores is illustrated in Figure 3e,f.%"!

2.4. Optical Properties and TP Emission of the Dispersed
C-Dots and the Associated Chromophores

All C-dots elicit a characteristic first absorbance peak in the ultra-
violet region, i.e., between 350 and 400 nm (Figure 4a—c), and there
was no appreciable absorption beyond 400 nm. C-dots obtained
from CAPDA and CAEDA showed excitation-independent
emission spectra (250—400 nm excitation range), whereas the emis-
sion of CAPEG was excitation dependent (300400 nm excitation
range). After excitation at ~350nm, fluorescent QYs of 28%
(CAPDA), 72% (CAEDA), and 13% (CAPEG) were determined.
A larger core size in CAEDA-p might be responsible for higher
relative fluorescent QY compared to CAPDA.*Y The presence
of N-atoms in the precursors could lead to higher QY in
CAPDA and CAEDA compared to CAPEG.”>) Similar trends
in QY were observed in the separated fluorophores. We also
performed photostability experiments on the C-dot cores, and
the isolated fluorophores are depicted in Figure 4d. The C-dot cores
or the isolated fluorophore molecules were embedded in an aga-
rose gel and continuously irradiated with one-photon laser excita-
tion of wavelength 405 nm for about 6 min. The carbonaceous core
CAPDA-p was significantly more photostable compared to the free
molecular fluorophores 1 and 2 given in Figure 3.

Next, the CAPDA and CAEDA C-dots were subjected to an
810 nm laser excitation source to determine their TP absorption
properties. Both CAPDA and CAEDA C-dots exhibited maxi-
mum TP emission at 810 nm excitation wavelength. Thus, we
employed the same mass concentration, i.e., 1 mgmL~", for fur-
ther comparison. Although CAEDA showed higher one-photon
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Figure 3. "H-NMR characterizations of molecular fluorophore for the C-dots: a) CAPDA, two molecules were detected in the measured solution: 1
(264.07 gmol ™", C;,H1,N,0s5) and 2 (246.06 g mol ™', Ci,HioN,O,) in 25% and 63% yield, respectively; b) CAEDA fluorophore 3 (216.07 gmol ™',
CgH12N,05). ESI-MS spectra showing the mass signals of the fluorophores associated to the C-dots: ¢) CAPDA (MH™ 265.08) and d) CAEDA
(MH™ 217.08). Schematic diagram of the proposed formation mechanism for the synthesis of the molecular fluorophores associated with the C-dots
) CAPDA and f) CAEDA.*

QY, we observed higher fluorescence intensity in the
visible region for CAPDA-derived C-dots after 810 nm excitation
(Figure 5a—d).

In addition, CAPDA nanodots revealed a two-photon absorp-
tion cross section (TPACS) of 17.8 GM, whereas CAEDA

nanodots have a considerably lower TPACS of 3.1 GM
(Figure 5e). Both C-dots showed relatively low TPACS values
when compared to values greater than 10* GM reported in the
literature.”®7% Nevertheless, our low TPACS values are in good
agreement to the reported values in other reports.”*”* However,
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Figure 4. a—c) The PL spectra at different excitation sources are shown for various C-dots solution, i.e., CAPDA, CAEDA, and CAPEG, respectively.
Excitation-independent PL emissions were observed for CAPDA and CAEDA C-dots, whereas excitation-dependent emission was observed in
CAPEG-derived C-dots. d) Photostability evaluations of representative carbonaceous core CAPDA-p and the associated CAPDA-derived fluorophore using

405 nm laser and 5% laser power.

the facile synthesis, excellent photostability, and excellent
biocompatibility make these TP active materials very attractive
for various deep tissue biological applications.*®! Interestingly,
if an excitation wavelength of 400 nm was applied, the one-
photon emission intensity of an optically matched (i.e., of the
same optical density) CAPDA C-dot solution was higher than that
of CAEDA nanoparticles. In contrast, CAEDA C-dots emitted
relatively higher PL at other excitations, namely, 300, 350, and
450 nm (Figure 5f). We believe that the higher one-photon emis-
sion of the CAPDA C-dot after 400 nm excitation corroborates
with its larger TP absorption and emission properties at near
800 nm. We predict that the TP absorption and emission prop-
erties of CAPDA C-dots could be due to the higher z-electron
content. In addition, we have performed the same TP
(Figure S25, Supporting Information) excitation and compared
the emission intensities from both carbonaceous cores
CAPDA-p and CAEDA-p and their separated fluorophores 1
and 2. However, we did not find any significant change in their
optical features implying a close association between the carbo-
naceous cores and the respective fluorophores.

2.5. Correlation of the Structure and the Optical Properties of
the C-Dots and Their Associated Chromophores

The energy gap of the carbonaceous cores of CAPDA-p and
CAEDA-p was measured as 1.91 and 1.56 eV, respectively, using

Adv. Photonics Res. 2022, 3, 2100092 2100092 (7 of 12)

cyclic voltammetry (CV). The observed bandgap decrease in
CAEDA-p was further substantiated by optical bandgap calcula-
tions determined from the UV-vis absorption spectra, which gave
a bandgap of 2.59 and 1.94eV for CAPDA-p and CAEDA-p,
respectively (Table 1 and Figure S26, S28, Supporting
Information). Additionally, the energy bandgaps of the CAPDA-
and CAEDA-derived fluorophores (1, 2, and 3, respectively) were
simulated™’ using TD-SCF DFT calculations implemented in the
Gaussian package (Gaussian 09W, version 9.5),>7% applying the
B3LYP method, the DGTZVP basis set, and the CPCM solvation
model of water. Interestingly, the energy bandgap showed an
opposite trend for separated associated fluorophores. The
HOMO-LUMO energy gaps were calculated to be 5.04eV,
4.17eV (both CAPDA-derived fluorophores 1, 2) and 5.40eV
(CAEDA-derived fluorophore 3) (Table 1 and Figure S29,
Supporting Information). The observed energy gap trend in the
molecular fluorophores could be attributed to the presence of
n-electrons in the benzene ring in the CAPDA fluorophores with
extended electron delocalization resulting in a lower bandgap.
Table 1 summarizes the trend in the sp> and sp*>hybridization
ratios and the HOMO-LUMO energy gap (eV) across various
C-dots that were characterized by different techniques. We believe
the presence of increased z-electrons in CAPDA C-dots may have a
strong influence on their TP emission features.

Next, we have investigated the nature of the association
between the fluorophores and the carbon nanodot by applying
XPS, Fourier-transform infrared spectroscopy (FTIR), ESI-MS,

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 5. a,b) Scheme of two-photon and one-photon emissions of C-dots CAPDA and CAEDA that were excited at two different wavelengths, namely,
350 and 810 nm. ¢,d) Corresponding PL characteristic peaks of both C-dots (1 mg mL ™" each). After excitation at 350 nm, CAEDA revealed higher PL than
CAPDA, whereas after excitation at 810 nm using an FL 6500 Pulse Fluorescence Spectrophotometer at 80 kW power, 400V, CAPDA revealed higher PL
instead. ) TPACS of C-dots CAPDA and CAEDA measured in water at an excitation wavelength of 810 nm using Rhodamine B as reference. f) PL behavior
of as-prepared C-dots CAPDA and CAEDA under different one-photon excitation (300, 350, 400, and 450 nm) and same mass concentration 1 mgmL™".
Interestingly, the PL emission of C-dot CAPDA was significantly higher compared to C-dot CAEDA at 400 nm excitation (green dashed circle).

Table 1. Characterization of the carbonaceous cores CAPDA-p, CAEDA-p, and CAPEG-p and their associated molecular fluorophores 1, 2, and 3. The sp*-
and sp>-hybridized carbon content of the C-dots was estimated from XPS, Raman and EELS measurements. The energy bandgaps of C-dots were
evaluated from UV-vis, CV and Gaussian calculations.

Characteristic properties Method Carbonaceous cores Fluorophore
CAPDA-p CAEDA-p CAPEG-p CAPDA CAEDA
Ratio between sp”- and sp*-hybridization XPS binding energy 1.28 0.47 0.90 1.21 0.66
Raman peak 1.4 0.8 - - -
EELS 0.61 0.45 0.13 - -
HOMO-LUMO energy gap [eV] UV-vis (optical bandgap) 2.59 1.94 3.23 - -
cv 1.91 1.56 1.67 - -
Gaussian Calculations - - - 5.04, 417 5.40
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and their optical characterizations. We found that the sp*-, sp*
carbon ratio on the surface of the C-dot core CAPDA-p (1.28)
appears in a similar range as the carbon ratio of its associated
molecular fluorophore (1.21), determined by XPS characteriza-
tions (Figure 2a-c, S30 and Table S3-S5, Supporting
Information). Also, the carbon ratio of the surface of the core
CAEDA-p and the corresponding fluorophore 3 were similar
with 0.47 and 0.66, respectively. These data could indicate
remaining fluorophores associated with the C-dot core, which
were challenging to separate by dialysis. FTIR studies of
CAPDA-p C-dot core and the free fluorophores 1 and 2 were per-
formed and many identical IR bands (Figure S31a, S31b,
Supporting Information) such as the broad O—H stretching fre-
quency at ~3050 cm ™", the C=0 stretching of carboxylic acids at
1713 cm ™', and prominent aromatic —C=C stretching vibrations
at 1578 and 1392cm ™' were found. ESI-MS data depicted in
Figure S32, Supporting Information, indicated similar molecular
ions (MH™") of the CAPDA-derived fluorophores (265.08) with
the C-dot core CAPDA-p (265.13). We believe that the observed
fluorophores in the ESI-MS of the purified carbonaceous cores
were generated during sample preparation. The slightly acidic
conditions of the ESI solvent could cause a physical or chemical
detachment of fluorophores from the core surface. Additionally,
we uncovered that the C-dot CAPDA-p core as well as the
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separated fluorophores showed similar characteristic one-photon
absorption and emission peaks at 450 nm under 400 nm excita-
tion (Figure S34, Supporting Information, in CAPDA C-dots) as
well as similar characteristic TP emission peaks after 810 nm
excitation (Figure S25, Supporting Information). Therefore, even
after several thorough washing steps and purification via dialysis,
the presence of fluorophores in the carbonaceous cores could still
be detected. Most likely, the fluorophores could be associated
through covalent and noncovalent conjugation with the carbona-
ceous core.””) In this case, the carbonaceous core could stabilize
the organic fluorophore so that they do not bleach easily, whereas
the fluorophore could serve as TP emission center.

2.6. Cytotoxicity of the Carbon Nanodots

C-dots have been used as drug delivery vehicles”®”®) as their
surface could be functionalized easily though bioconjugation
reactions,®®®! and they could be easily detected allowing their
intracellular imaging and tracking."”! In particular, their applica-
tion as TP fluorescence tag for deep tissue imaging has been of
great interest.”##% Therefore, we have studied the C-dots in vitro
and cell viability tests (Tox-8 assays) have been performed with
various weight concentrations using HelLa cells as cell model.
Both the purified carbonaceous core CAPDA-p and the C-dot

(b) 16000
U 14000

9.73+0.77 ns 10.12+0.29 ns
10000 | I

Mean Lifet

CAEDA CAPDA

CAPDA-p

1 N Ops

Figure 6. a) Cell viability assays of CAPDA carbon nanodot solution and the associated purified carbonaceous core CAPDA-p over a concentration range
of 0—500 pg mL™" under dark conditions. The purified C-dot CAPDA-p and the fluorophores were well tolerated by Hela cells. b) Fluorescence lifetime of
C-dots CAEDA and CAPDA in solution. ¢,d) Fluorescence lifetime images of C-dots inside Hela cells. A relatively higher fluorescence lifetime of carbo-

naceous core CAEDA-p as compared to CAPDA-p was observed.
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solution reveal low cytotoxicity applying a Hela cell line even at
high concentrations 500 ug mL™~" (Figure 6a).

The purified carbonaceous C-dot core CAPDA-p and CAEDA-
p were studied by applying fluorescence lifetime imaging micros-
copy (FLIM). In aqueous solution, biexponential fluorescent
decays of the carbonaceous cores CAPDA-p and CAEDA-p were
observed after excitation at 810 nm and average lifetimes of 10.1
and 9.7 ns were determined, respectively (Figure 6b). Next, we
recorded the FLIM signals inside living Hela cell after
810nm excitation. The average lifetimes of both C-dots
decreased significantly inside cells compared to the bulk solvent,
which was expected as many new nonradiative pathways could
exist in this complex biological environment. A similar biexpo-
nential decay with an average lifetime of 1.2 and 3ns was
observed in FLIM for C-dot CAPDA-p and CAEDA-p, respec-
tively (Figure 6c,d).

3. Conclusions

We have prepared three different C-dots based on aliphatic and
aromatic molecular precursors and analyzed their structural and
optical characteristics. During microwave synthesis, organic flu-
orophores associated with C-dot structures were formed mainly
in the C-dots from CAPDA and CAEDA. CAPEG-derived C-dots
did not show any associated molecular fluorophores and TP
emission characteristics. We have separated the fluorophores
from these C-dots and elucidated their molecular structure by
NMR and mass spectrometry. Differences in the molecular struc-
tures of the formed fluorophore are responsible for the unique
TP emission properties of the C-dots. The emergence of TP
emission was observed and correlated to the hybridization state
of the carbon atoms within the C-dot as well as the fluorophores
associated to the C-dots. Higher TPACS was observed for
CAPDA C-dots, which contained higher amounts of z-electrons
in the fluorophores and carbonaceous core morphology. The flu-
orophores were bound to the C-dots via noncovalent as well as
covalent interaction and revealed higher photostability in the
presence of the C-dots. The C-dots CAPDA and CAEDA were
nontoxic in a cell model and fluorescence lifetime imaging
was performed inside cells.

We believe that an improved understanding of the impact of
the precursor molecules on the molecular structure of the C-dot
core and the formed organic fluorophores would enable to ratio-
nally design C-dots with improved optical features, which would
be of great relevance for their applications. We envision new ave-
nues to design and tune tailor-made C-dots with improved QY,
enhanced TP emission, and excellent photostability for bioimag-
ing, therapeutic, and other relevant biomedical applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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