Downloaded via NORTH CAROLINA CENTRAL UNIV on September 20, 2018 at 17:58:36 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

@& Cite This: J. Phys. Chem. C 2018, 122, 21667-21676

pubs.acs.org/JPCC

Systematic Comparison of Carbon Dots from Different
Preparations—Consistent Optical Properties and Photoinduced
Redox Characteristics in Visible Spectrum and Structural and

Mechanistic Implications

Lin Ge," Nengyu Pan,” Jirui Jin,” Ping Wang*" Gre
Lindsay R. Teisl,’ Yongan Tang,§ and Ya-Ping Sun*

gory E. LeCroy,_}_ Weixiong Liang,% Liju Yang,”"i

"Department of Chemistry and Laboratory for Emerging Materials and Technology, Clemson University, Clemson, South Carolina

29634, United States

*Department of Pharmaceutical Sciences, Biomanufacturing Research Institute and Technology Enterprise, and SDepartment of
Mathematics and Physics, North Carolina Central University, Durham, North Carolina 27707, United States

ABSTRACT: Carbon dots (CDots) are characterized by their optical
properties including strong absorptions and bright and colorful
fluorescence emissions in the visible spectrum and by their photoinduced
redox characteristics as both potent electron acceptors and donors. The
reported study was for a systematic comparison of CDots from different
synthetic approaches based on the use of pre-existing small carbon
nanoparticles sourced from pure carbon soot versus the formation of
similar nanoparticles in situ via a one-pot thermal carbonization of
organic molecular precursors, emphasizing spectroscopic character-
izations over the visible spectrum. The results show that the CDots
prepared by the latter under sufficiently robust processing conditions are
generally no different from those from the former in terms of the
observed optical properties and associated photoinduced redox
characteristics in the application-wise more meaningful visible spectral

region, suggesting a high stability or general applicability of the definition on CDots as surface-passivated small-carbon
nanoparticles. Implications of the reported findings to the further understanding and mechanistic explorations of CDots,
including the necessity to focus on the core carbon nanoparticles in CDots in such explorations, are highlighted and discussed.

B INTRODUCTION

Carbon “quantum” dots or carbon dots (CDots) are generally
defined as small carbon nanoparticles with various surface-
passivation schemes (Figure 1).'7® Ever since their original
ﬁnding,1 there have been broad and intense interests in CDots
for their unique and/or advantageous properties.® A wide
variety of potential technological applications of CDots have
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Figure 1. Cartoon illustration on CDot, which is generally a small
carbon nanoparticle core with attached surface passivation molecules
in a configuration similar to a soft corona-like shell.
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been pursued, including bioimaging and sensing,”~'* photo-
catalytic energy conversions and optoelectronics,"'~'® anti-
bacterial and antiviral functions,'” ™' and others.”*™*® In fact,
CDots now represent a rapidly advancing and expanding
research field, as reflected by the large and ever increasing
number of publications in the recent literature,”*’~*'

CDots are known for their characteristic optical properties,
with their observed optical absorptions because of electronic
transitions in the underlying carbon nanoparticles and their
generally bright and excitation wavelength-dependent fluo-
rescence emissions.”’ Among the various syntheses of CDots,
the deliberate chemical functionalization method developed in
the original finding of CDots is such that specifically processed
and selected small carbon nanoparticles are chemically
functionalized by oligomeric and polymeric molecules for the
surface passivation purpose,”**** thus more closely adhering
to the general definition on CDots (Figure 1). The method has
also been credited for the preparation of some of the best-
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performing CDots with respect to bright and colorful
fluorescence emissions.*”** However, most of the reported
syntheses of CDots in the literature have been based on the
carbonization of organic molecules or other carbon-containing
precursors, often in “one-pot” processing with or without the
involvement of a solvent.”””~*" A rationale for the carbon-
ization method in relationship to the general definition on
CDots (Figure 1) may be such that the carbonization of
organic precursors for the formation of core carbon nano-
particles is incomplete, and thus the remaining organic species
attached to or associated with the carbon nanoparticles formed
as a result of the carbonization would serve the required
surface passivation function. For example, citric acid (CA)—
oligomeric polyethylenimine (PEI) mixtures have been used as
precursors in the thermal carbonization processing under
various conditions for the synthesis of CDots.””~* A more
popular processing condition for such a synthesis has been the
hydrothermal (HT) treatment of a CA—PEI mixture at a
temperature up to 200 °C for a few hours, yielding materials
with absorption and fluorescence emissions mostly in the UV
region, significantly different from those of the CDots from the
deliberate chemical functionalization synthesis.”> More re-
cently, it was shown that the popular HT processing condition
was inadequate or insufficient for the carbonization pur-
pose,”” ™% and that with more robust conditions including the
use of significantly higher processing temperatures, a much
better agreement could be achieved between the CDots thus
prepared and those from the deliberate chemical functionaliza-
tion method in terms of their observed optical and other
properties.49 This example is representative, pointing to a
broad need for systematic comparisons of CDots from
different syntheses and/or under various synthesis conditions,
in reference to the general definition on CDots (Figure 1),
because there have been so many reported studies of CDots
based on samples prepared from the carbonization processing
of organic precursors under likely overly mild conditions. In
fact, there have been increasing concerns and confusions in the
literature®* > on the samples from carbonization syntheses
under mild processing conditions, such as those in the HT
reaction referred to the above.* ™73 These samples
generally exhibit absorptions predominantly in the UV spectral
region, often corresponding to mostly excitation-wavelength-
independent fluorescence emissions. The spectroscopic results
have promoted debates on the actual content and role of
nanoscale carbon (the foundation for CDots conceptually and
structurally) in these samples, with suggestions such that the
observed optical properties could be because of various
collections of different chromophores produced in the
carbonization processing.”' ~>> Because the UV spectral region,
especially the region shorter than 350 nm, is intrinsically messy
spectroscopically because of potential absorptions or strong
absorptions of many functional groups associated with the
altered, derivatized, and/or reacted organic species in the
precursor mixture used in the carbonization processing, a
resolution of the ongoing debates or controversies toward a
clear and unified understanding of the carbonization synthesis
and the CDots platform in general is understandably more
challenging. For the visible spectral region, on the other hand,
the dominance of carbon nanoparticles in optical absorptions
would make the comparison of CDots from different
preparations much less complicated. The results thus obtained

should be highly valuable to the unified understanding

discussed above and ultimately to address the issues in the
UV spectral region.

In the study reported here, optical properties in the visible
spectrum and associated photoinduced redox characteristics
were investigated systematically for the dot samples obtained
from different syntheses and under various experimental
conditions. The CDots from the deliberate chemical
functionalization method were used as reference for the fact
that the core carbon nanoparticles in these CDots are pre-
existing, dominating optical absorptions in the visible spectrum
and the subsequent photoexcited state properties and
processes. In addition to the comparison between these
CDots and those from the thermal carbonization syntheses
with organic precursors, CDots prepared by a hybrid method
that combines the use of pre-existing carbon nanoparticles and
their functionalization by organic species under thermal
reaction conditions were also included for the comparison.
Results from the comparisons show a general agreement
among the different dot samples for their optical properties
over the visible spectral region, suggesting the general
applicability and high stability of the definition on CDots.
Here, the “general agreement” referred to the above requires
more vigorous conditions in the thermal carbonization
synthesis of CDots, namely that when the carbonization
processing is performed correctly under right conditions, the
resulting CDots exhibit properties in the visible spectrum
consistent with those of CDots from other syntheses. The
emphasis in this study on the consistent optical properties and
associated redox characteristics in the visible spectrum is aimed
for the conclusion that at least in this spectral region (more
relevant to most of the widely pursued applications of CDots
anyway), the various CDots from different syntheses are
consistent. As related, the significance and broader implications
of the results to further validation of the general definition on
CDots and mechanistic explorations are discussed.

B EXPERIMENTAL SECTION

Materials. The carbon nanopowder sample (US1074) was
acquired from US Research Nanomaterials, Inc. 2,2 -
(Ethylenedioxy)bis(ethylamine) (EDA), 3-ethoxypropylamine
(EPA), diamine-terminated oligomeric poly(ethylene glycol)
(average molecular weight 1,500, PEG; 5oy ), N,N-diethylani-
line (DEA), and 2,4-dinitrotoluene (DNT) were purchased
from Sigma-Aldrich; CA and thionyl chloride from Alfa Aesar;
oligomeric PEI (average molecular weight 600, branched)
from Polysciences; and nitric acid from VWR. Dialysis
membrane tubing (molecular weight cutoff 500 or 1000)
was supplied by Spectrum Laboratories. Water was deionized
and purified by being passed through a Labconco WaterPros
water purification system.

Measurement. UV/vis absorption spectra (ABS) were
recorded on Shimadzu UV2501 and UV-3600 spectropho-
tometers. Fluorescence spectra were acquired on a Jobin-Yvon
emission spectrometer equipped with a 450 W xenon source,
Gemini-180 excitation and Triax-550 emission monochroma-
tors, and a photon counting detector (Hamamatsu R928P
PMT at 950 V). 9,10-Bis(phenylethynyl)-anthracene in
cyclohexane was used as a standard in the determination of
fluorescence quantum yields by the relative method (matching
the absorbance at the excitation wavelength between the
sample and standard solutions and comparing their corre-
sponding integrated total fluorescence intensities). Fourier
transform infrared spectroscopy (FT-IR) spectra were
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measured on a Shimadzu IRAffinity-1S spectrometer with the
single-reflection attenuated total reflection accessory for solid
samples. Transmission electron microscopy (TEM) imaging
was performed on a Hitachi H-9500 high-resolution TEM
system.

Carbon Dots. The deliberate chemical functionalization
method was used for the synthesis of CDots with EDA, 3-EPA,
and the oligomeric polyethylene glycol diamine (molecular
weight 1500, PEGsyy) for surface functionalization—
passivation, thus EDA-CDots,* EPA-CDots,”” and PEG, sgox-
CDots,"””**°" respectively (Figure 2). The small carbon
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Figure 2. Molecules used for surface functionalization and/or as
precursors for the various CDots, and the different reaction schemes
for syntheses of the CDots under different processing conditions.

nanoparticles for the functionalization reactions were harvested
from commercially acquired carbon nanopowders involving
oxidative acid treatments. In a typical experiment, the carbon
nanopowder sample (2 g) was refluxed in concentrated nitric
acid (8 M, 200 mL) for 48 h. The reaction mixture was cooled
back to ambient temperature and centrifuged at 1000g to
discard the supernatant. The residue was redispersed in
deionized water, dialyzed in a membrane tubing (molecular
weight cutoff 500) against fresh water for 48 h, and then
centrifuged at 1000g to retain the supernatant as an aqueous
dispersion of small carbon nanoparticles. The nanoparticles
could be recovered from the dispersion by removing water via
evaporation.

For the synthesis of EDA-CDots as an example, the carbon
nanoparticles (50 mg) were refluxed in neat thionyl chloride
for 12 h. Upon the removal of excess thionyl chloride via
evaporation, the treated carbon nanoparticles were carefully
mixed with EDA (600 mg), heated to 120 °C, and stirred
vigorously under nitrogen protection for 72 h. The reaction
mixture was cooled to room temperature and dispersed in
water and then centrifuged at 20000g to retain the
supernatant. The aqueous solution thus obtained was dialyzed

against fresh water (molecular weight cutoff 500) to remove
unreacted EDA and other small molecular species to yield the
EDA-CDots as an aqueous solution. The EPA-CDots and
PEG, 59on-CDots were similarly synthesized.

The CDots with oligomeric PEI (average molecular weight

600, branched) for surface functionalization—passivation,
thus PEI-CDots (Figure 2), were prepared from the small
carbon nanoparticles discussed above by thermally induced
functionalization with PEIL In a typical experiment, the carbon
nanoparticles (100 mg) as an aqueous slurry were mixed with
PEI (2 g) and ethanol (2 mL) in a scintillation vial, and the
resulting mixture was sonicated in an ultrasonic cleaner (VWR
250D) at 40 °C for 1 b, followed by a complete removal of
solvent via evaporation for a solid mixture. Separately, a bath of
silicon carbide (150 g) in a silica crucible casting dish (about 8
cm in diameter and 2.5 cm in height) was prepared and
preheated in a conventional microwave oven at 500 W for 3
min. Several rounds of microwave treatments were as follows:
(1) the vial containing the solid mixture was immersed in the
preheated silicon carbide bath for microwave irradiation at
1000 W for 3 min; (2) the sample vial was taken out of the
bath for being cooled in the ambient, and more PEI (1 g) and
ethanol (2 mL) were added and mixed well, followed by the
removal of ethanol, and then microwave irradiation of the same
as in (1); (3) a repeat of (2) but with the microwave
irradiation at 500 W for 8 min; and (4) a repeat of (3). After
microwave treatments, the reaction mixture was cooled to
ambient temperature and dispersed in deionized water with
vigorous sonication. The resulting aqueous dispersion was
centrifuged at 5000g to collect the supernatant, followed by
dialysis (molecular weight cut-off 1000) against fresh water
for 6 h to obtain the PEI-CDots in an aqueous solution.

The thermal carbonization of binary mixtures of the PEI and
CA as precursors, with the carbonization via HT processing
and microwave-assisted thermal (MT) processing, was used for
the preparation of the PEI/CA-CDotsyr and PEI/CA-
CDotsyr, respectively (Figure 2). For the former, CA (3 g)
was dissolved in water (6 mL) with mild sonication in an
ultrasonic cleaner (VWR 250D). To the solution was added
PEI (1.5 g) with stirring for a good mixing. The resulting
aqueous mixture was loaded into a stainless steel tube reactor
(1.9 cm OD X 30.5 cm length). The reactor was sealed and
then heated in a tube furnace at 330 °C for 6 h. Post-
processing, the reactor was cooled to ambient temperature, and
the reaction mixture in the reactor was collected by washing
with water (10 mL). The brownish aqueous solution thus
obtained was centrifuged at 10 000g to retain the supernatant,
followed by dialysis (molecular weight cut-off 1000) against
fresh water to obtain the PEI/CA-CDotsyr.

For the PEI/CA-CDotsy, CA (1 g) in water (2 mL) and
PEI (3 g) were mixed well, and then water was removed via
evaporation. The resulting solid mixture in a scintillation vial
was immersed in the preheated silicon carbide bath described
above for treatments with microwave irradiation, first at 200 W
for about 4 min (no more bubbles in the sample, with the
sample color turning dark orange) and then 1000 W for 3 min,
during which there were five brief pauses each of a few
seconds. Post-treatment, the reaction mixture was cooled to
the ambient temperature and dispersed in deionized water with
sonication. The resulting aqueous dispersion was centrifuged at
5000g to keep the supernatant, followed by dialysis (molecular
weight cutoff 1000) against fresh water for 6 h to obtain the
PEI/CA-CDotsyp as a colored aqueous solution.
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For microscopy analyses, some of the dot samples described
above were doped with a small amount of silver via simple
visible-light photolysis in an aqueous solution of a silver salt.””
The doping level was kept very low, as monitored in terms of
the very onset in the initial emergence of the silver plasmon

absorption band.
B RESULTS AND DISCUSSION

For comparisons, CDots with selected small or oligomeric
amino molecules for surface passivation (Figure 2) were
prepared by using the three major synthetic approaches:”**~*'
(1) the deliberate chemical functionalization of pre-processed
and selected small carbon nanoparticles,42_44’60 (2) the
carbonization of binar}f organic mixtures as precursors in HT
and MT processing,” and (3) the method of essentially a
hybrid of the other two in which the small carbon
nanoparticles are functionalized by the selected amino
molecules under carbonization-like thermal-processing con-
ditions.”® A distinctive attribute of the first approach is with the
use of pre-existing carbon nanoparticles for surface chemical
functionalization under rather mild amidation reaction
conditions, which are impossible to derivatize the simple
aliphatic amino molecules (EDA, EPA, and PEG 5oy, in this
work) into any organic dyes of significant optical absorptions
in the visible spectral region. Thus, the only species in the
sample solutions responsible for the observed absorptions and
fluorescence emissions in the visible spectral region have to be
the surface-passivated carbon nanoparticles. The CDots thus
prepared are ideally suited for the reference role in comparison
with those from other syntheses. Specifically for the EDA-
CDots,™ EPA—CDots,60 and PEG15001\]-CDots,42’44’61 Figure 2,
their visible absorption and fluorescence spectra in aqueous
solutions are shown in Figure 3, and the corresponding
fluorescence quantum yields and lifetimes are summarized in
Table 1. The absorption spectrum of the EDA-CDots tracks
well that of the aqueous-dispersed small carbon nanoparticles
used as a precursor in the dot syntheses, reaffirming the
conclusion that optical absorptions by CDots over the visible
spectrum are dictated by the core carbon nanoparticles because
EDA molecules for the surface functionalization are completely
transparent across the near-UV to visible spectral regions. The
spectrum of the PEG 5yon-CDots is similar, except for some
extra absorptions in the blue spectral region beyond those of
the carbon nanoparticles (Figure 3). When excited into the
specific portion of the absorption spectrum with extra
absorptions (around 440 nm), the fluorescence emissions
were significantly brighter, but without any significant changes
in the emission spectral profile (Figure 3). These absorption
and fluorescence spectral features have been attributed to
special surface passivation effects associated with the
functionalization of small carbon nanoparticles by a selected
group of surface passivation agents including PEG 500n.
Such effects are particularly pronounced in the EPA-CDots,
with more pronounced extra absorptions (Figure 3) and the
corresponding fluorescence emissions of higher quantum yields
(Table 1). Despite these additional spectroscopic features,
however, the CDots from the deliberate chemical functional-
ization synthesis are structurally simple and consistent, serving
as the foundation for the general definition on CDots.

The carbonization of organic precursors has been more
popular in the literature for the preparation of CDots or
products/materials that are believed to be CDots-like, despite
the fact that little effort has been made to compare

Absorbance & Fluorescence
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Figure 3. Absorption (ABS) and fluorescence (FLSC, 440 nm
excitation) spectra in aqueous solution for (upper) EDA-CDots
( ), EPA-CDots (-.-.-), PEGspn-CDots (- - -), and for
comparison (ABS only), the aqueous dispersed carbon nanoparticles
(-.-.-); (middle) PEI/CA-CDotsyy ( ) and PEI/CA-CDotsy
(---); and (lower) PEI-CDots (-.-.-) and for comparison the EDA-
CDots ( ).

Table 1. Fluorescence Quantum Yields and Lifetimes of the
Various CDots

fluorescence quantum

yield () (0s)"
Apxc Agxc Axc Agxc
dot sample 400 nm 440 nm 400 nm 440 nm
EDA-CDots 0.24 0.14 7.2 7.2
EPA-CDots 0.31 0.35 6.1 8.3
PEG; 500n-CDots 0.25 6"
PEI/CA-CDotsyy 0.5 045 14 14
PEI/CA-CDotsyy 025 0.18 12,5 12.5
PEI-CDots 0.28 0.14 8.1 74

“Average fluorescence lifetime from fitting each fluorescence decay
with a biexponential function, (zz) = (A;7p> + Aytp2)/ (AT +
Aytpy). 407 nm excitation.

quantitatively optical absorptions of the presumed carbon
nanoparticles formed in the carbonization with those of the
solid carbon nanoparticles, such as those harvested from pure
carbon soot, as discussed above. A potential danger with a lack
of such a required rigorous comparison is that many of the
carbonization products (especially those processed under
rather mild experimental conditions) may have little to do
with “CDots” other than the observation of fluorescence
emissions associated with excitations mostly in the UV region.
Again, the shorter wavelength UV region (<350 nm) is usually
considered messy spectroscopically because of the fact that a
large number of molecules and species containing aromatic (or
the like) moieties or heteroatom-derived molecular structures
can become luminescent impurities. Thus, in this study for the
comparison of CDots from the carbonization processing, PEI/
CA-CDotsyr and PEI/CA-CDotsyy (Figure 2) specifically,
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with those from the deliberate chemical functionalization
method as a reference, the focus was on the absorption and
fluorescence emission properties in the visible spectrum where
the photon harvesting is dictated by the carbon nanoparticles.

The preparation of the PEI/CA-CDotsy;; was similar to that
reported previously.” For the PEI/CA-CDotsyy, a PEI-CA
mixture without solvent was processed in microwave-assisted
carbonization processing. Experimentally, the precursor
mixture in a scintillation vial immersed in a silicon carbide
bath was processed in a conventional microwave oven. Post-
processing, the reaction mixture was dispersed in water,
followed by centrifugation to keep the supernatant, which was
then dialyzed against fresh water to obtain the desired dot
sample as a colored aqueous solution.

The absorption and fluorescence spectra of the PEI/CA-
CDotsyyr and PEI/CA-CDotsy,r are compared in Figure 3, also
with those of the CDots discussed above, and other
fluorescence parameters are provided in Table 1. In the
comparison, ABS of the PEI/CA-CDotsy; and PEI/CA-
CDotsyp are somewhat different with respect to the extra
absorptions around 420—440 nm, which are more pronounced
in the former (Figure 3). Correspondingly, fluorescence
quantum yields of the PEI/CA-CDotsyy are significantly
higher (Table 1), yet fluorescence spectral profiles of the two
samples are essentially the same (Figure 3). In terms of the
same rationale discussed above on special passivation effects
being responsible for the extra absorptions and the associated
brighter fluorescence emissions, the results from the
comparison suggest likely somewhat different surface struc-
tures of the dots in the two samples prepared from the same
PEI-CA mixture as a precursor but under different carbon-
ization processing conditions. The microwave-assisted process-
ing was apparently less favorable to the kind of configuration in
the surface passivation layer of the dots (Figure 1) responsible
for the extra absorptions. The overall dot profiles as probed by
TEM imaging are similar between the PEI/CA-CDotsyr and
PEI/CA-CDotsy (Figure 4). The lack of lattice fringes in the
TEM images is consistent with the X-ray powder diffraction
results suggesting mostly amorphous carbon in the dot
structure, similar to the result for the preprocessed and
selected small carbon nanoparticles (Figure S5). All of these
diffraction patterns are very broad (Figure S), without the
peaks commonly associated with graphitic carbon, thus
indicative of the lack of any defined crystalline structures in
these carbon nanoparticles.

FT-IR spectra of the PEI/CA-CDotsyr and PEI/CA-
CDotsyp are also rather similar, and both are different from
those of the PEI and CA precursors (Figure 6). In the
precursor mixture, the carboxylic acids in CA and amino
groups in PEI likely formed zwitterionic pairs, some of which
could have survived the carbonization processing conditions to
be responsible for the absorptions in the carbonyl region
(1770—1650 cm™, Figure 6). In both dot samples, the
characteristic N—H and C—H absorptions are weaker and
broader than those in the spectra of the precursor molecules,
consistent with the consumption of those molecules in the
carbonization processing and the generally more diverse local
environments for the corresponding vibration modes.

In addition to the deliberate chemical functionalization
method and the one-pot carbonization synthesis discussed
above, CDots could also be prepared in a hybrid approach that
combines some of the major features of the other two
methods, including the use of preprocessed and selected small

21671

Figure 4. Representative TEM images of the PEI/CA-CDotsyr
(upper) and PEI/CA-CDotsy (lower) dispersed on silicon dioxide
grids.
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Figure S. X-ray powder diffraction patterns of the (A) PEI/CA-
CDotsyy, (B) PEI/CA-CDotsyy, and (C) preprocessed and selected
small carbon nanoparticles.

carbon nanoparticles for surface functionalization with organic
species in thermal reactions to achieve the required or desired
passivation effect. Because of the templating role provided by
the carbon nanoparticles in the thermal processing, the
resulting CDots should share a similar structural configuration
with that of the dots from the deliberate chemical
functionalization method, thus adhering equally closely to
the general definition on CDots (Figure 1). Specifically for the
PEI-CDots (Figure 2) in this work, the same preprocessed and
selected small carbon nanoparticles discussed above were
functionalized by the oligomeric PEI (average molecular
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Figure 6. FT-IR spectra of (A) PEI/CA-CDotsyr, (B) PEI/CA-
CDotsyr, (C) neat CA, (D) oligomeric PEL and (E) PEI-CDots.

weight 600, branched) under MT reaction conditions, similar
to the preparation reported previously.”> The FT-IR spectrum
of the obtained dot sample is compared in Figure 6 with those
of the above discussed CDots from the PEI-CA precursor
mixture. On comparison, similar absorption features in the
carbonyl region (1770—1650 cm™") may also be attributed to
carboxylic acid—amino zwitterionic pairs in the dots, as the
precursor carbon nanoparticles were oxidized in the nitric acid
treatment, with the surface-bound carboxylic acid moieties
capable of forming zwitterionic pairs with amino groups in the
mixture used in the MT processing. The weaker and broader
N-H and C—H absorptions of the PEI-CDots than those of
PEI may also be attributed to some of the PEI species being
partially scarified in the thermal processing and the generally
more diverse local environments in the surface layer of the dots
for the vibration modes under consideration.**

The visible absorption spectrum of the PEI-CDots agrees
well with that of the EDA-CDots, thus also tracking closely
that of the carbon nanoparticles (Figure 3) and exhibiting no
extra absorptions as those found in some of the other CDots
(Figure 3). The spectroscopic results suggest that the PEI-
CDots may serve as an alternative to the EDA-CDots in those
uses that exploit their absorption and fluorescence emission
properties because the deliberate chemical functionalization
synthesis for CDots similar to the EDA-CDots generally
involves more steps and therefore is more time-consuming and
less efficient than the hybrid approach used for the PEI-CDots.

For all of these CDots, there were characteristic excitation
wavelength dependencies in the observed fluorescence spectra
and quantum yields, where the “characteristic” refers to the
dependencies following a generally rather similar pattern in the
visible spectral region (Figures 7 and 8).*”® Again, the
emphasis on the optical properties of CDots in the visible
spectrum is important because it is in this spectral region that
the optical absorptions of the carbon nanoparticles and CDots
are essentially the same when the special surface passivation
effects for the extra absorptions are absent. As shown in
Figures 7 and 8, for example, the observed fluorescence spectra
progressively move to the red with longer excitation wave-
lengths, which are accompanied by progressively decreasing
fluorescence quantum yields. Also, characteristic and interest-
ing is the fact that the excitation wavelength dependence of
fluorescence quantum yields tracks closely the absorption
spectral profile, except for those CDots with extra absorptions
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Figure 7. ABS and fluorescence quantum yields at different excitation
wavelengths for the EDA-CDots ( , O) and PEI-CDots (-.-.-, A).
Inset: Normalized fluorescence spectra of the EDA-CDots (upper)
and PEI-CDots (lower) corresponding to excitations (from left to
right) at 400, 440, 480, 520, and 560 nm.
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Figure 8. ABS and fluorescence quantum yields at different excitation
wavelengths (normalized by dividing the value at 440 nm excitation,
Table 1) for the PEI/CA-CDotsyr ( , O) and PEI/CA-CDotsyy
(-, O) and for comparison, the EPA-CDots (quantum yields only,
V). Inset: Normalized fluorescence spectra of the PEI/CA-CDotsyr
(upper) and PEI/CA-CDotsyy (lower) corresponding to excitations
(from left to right) at 400, 440, 480, 520, 560, and 600 nm.

in the blue spectral region (Figures 7 and 8). For example,
fluorescence spectra of the PEI-CDots at a series of different
excitation wavelengths (Figure 7) are similar to those of the
EDA-CDots and so are their corresponding fluorescence
quantum yields (Figure 7). The comparisons between the PEI/
CA-CDotsyy and PEI/CA-CDotsy,y are also similar, except for
excitations in the 400—460 nm region where there are
noticeably different dependencies in fluorescence quantum
yields between the two dot samples (Figure 8). The quantum
yields for the PEI/CA-CDotsyyy are significantly higher, which
are correlated with the more pronounced extra absorptions in
the same blue spectral region. In fact, the PEI/CA-CDotsyr is
similar to the EPA-CDots with respect to the excitation
wavelength dependence of fluorescence quantum vyields
(Figure 8), and for the latter, the extra absorptions in the
blue spectral region are particularly pronounced (Figure 3). It
seems that the special surface passivation effects proposed as
being responsible for the extra absorptions are sensitive to the
detailed configuration in the soft corona-like shell of the dot
structure (Figure 1) and by extension dependent on the dot
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synthesis, including different processing conditions. The
comparison between PEI/CA-CDotsyy and PEI/CA-CDotsyp
represents a particularly vivid demonstration in this regard
because the only difference in the preparation of the two dot
samples is with their processing conditions.

More generally, the results and comparisons presented
above suggest that the CDots prepared in the three different
syntheses and under different reaction conditions are at least
qualitatively consistent in optical properties over the visible
spectral region, despite some expected variations in structural
details among these CDots. This is particularly noteworthy
with respect to the comparison between CDots prepared by
the first two approaches and their generally consistent
spectroscopic results, which may be attributed to the
dominance by the surface-functionalized/surface-passivated
carbon nanoparticles in both absorptions and fluorescence
emissions. On the carbonization of organic precursors in the
second approach, insufficient carbonization because of the use
of overly mild processing conditions may be responsible for the
seemingly wide variations in products whose optical
absorptions are confined mostly in the UV region and the
associated diverse interpretations causing ongoing confusions
and debates. When pushed further with more robust
processing conditions in the carbonization, as those used in
this study for the PEI/CA-CDotsyy and PEI/CA-CDotsyr,
there must be convergence toward the formation of carbon
nanoparticles at the expense of the initially formed various
products referred to above. The CDots thus produced, again
the PEI/CA-CDotsyr and PEI/CA-CDotsyr as specific
examples, are no different spectroscopically from the reference
CDots by the deliberate chemical functionalization in the first
approach. Structurally, however, much remains to be
investigated on the “core carbon nanoparticles” in CDots
from the carbonization synthesis, as it might be imagined that
they would be more porous than the pre-existing carbon
nanoparticles sourced from pure carbon soot, with likely more
nitrogen content because of the use of nitrogen-containing
precursors in the carbonization. The insensitivity of observed
optical absorptions and fluorescence emissions in the visible
spectrum, as noticed in previous studies as well,’® does not
support any substantial effects because of the nitrogen doping
of the carbon nanoparticles in CDots. In fact, it seems more
obvious that the general definition on CDots as surface-
passivated small carbon nanoparticles is relatively flexible or
stable in terms of tolerating some variations in structural
details. This may be viewed from a different angle, such that
CDots represent a rather stable nanomaterial configuration for
the generally consistent optical properties over the visible
spectral region, where the photon absorptions are dictated by
the core carbon nanoparticles, including those in the PEI/CA-
CDotsy and PEI/CA-CDotsyr prepared by the carbonization
method under sufficiently robust processing conditions.

In addition to the optical properties in the visible spectrum
discussed above, CDots are known for their characteristic
photoinduced redox properties as both excellent electron
acceptors and donors.*"*’~%’ Most investigations have been on
CDots prepared by the deliberate chemical functionalization
method, demonstrating the highly eflicient fluorescence
quenching by electron-rich and -deficient molecules such as
DEA and DNT, respectively.””*”%® The same redox quenchers
were used in this study for the evaluation of the CDots from
different syntheses and under different processing conditions.
The results summarized in Table 2 suggest that all of these

Table 2. Stern—Volmer Parameters for Fluorescence
Quenching of the CDots by Electron Donor and Acceptor

DEA® DNT“
dot sample (I\I}’vl) (10° I\I/C[‘11 s7h) (1\1518’\/‘) (10° l\l/cf11 )

EDA-CDots"* 185 2.6 897 12.5
EPA-CDots 11 13 176%¢ 21

PEG, 500n-CDots” 19 4.8 32 8
PEI/CA-CDotsyy 123 0.9 754 5.5
PEI/CA-CDotsy,p 11 0.88 657 52
PEI-CDots 26 35 52 7

“With excitation at 440 nm unless otherwise noted. *From refs 65 and
68. “With excitation at 425 nm excitation. “From fitting the linear
portion of the plot for low quencher concentrations. °If based on
fluorescence lifetime quenching and a fit of the plot for low quencher
concentrations only, Kgy = 106, and the corresponding k, = 12.6 X
10° M~" s™'.’From ref 67, with excitation at 400 nm for DEA and 407
nm for DNT.

CDots are generally potent electron acceptors and donors in
the fluorescence quenching, although relatively they are better
donors than acceptors. For the comparison between the PEI/
CA-CDotsyr and PEI/CA-CDotsyr as a representative
example, Stern—Volmer plots for the fluorescence quenching
by DEA in ethanol solution are both linear (Figure 9), yielding

1.2

1.0t

0.0
0.00 0.02 0.04 0.06 0.08 0.10

DEA Concentration (M)

Figure 9. Stern—Volmer plots for the quenching of fluorescence
intensities (quantum yields) (440 nm excitation) of the PEI/CA-
CDotsyy (O, best fit - - -) and PEI/CA-CDotsy; (A, best fit )
by DEA in ethanol.

quenching constants (Kgy) of 12.3 and 11 M, respectively.
With their average fluorescence lifetimes (zz) (Table 1,
approximated as 7f in the Stern—Volmer equation) of 14
and 12.5 ns, the corresponding quenching rate constants (k, =
Kgy/75) of both around 0.9 X 10° M~ s7! are at the limit of
diffusion control. On the other hand, for both dot samples, the
fluorescence quenching by DNT is extremely efficient, with
Stern—Volmer plots not only steeper but also curved upward
because of significant static-quenching contributions at still
relatively low DNT concentrations (Figure 10). By fitting the
linear portion only (corresponding to DNT concentrations of
0.04 M and lower), the Ky values are 75 M~ for the PEI/CA-
CDotsyy and 65 M™! for the PEI/CA-CDotsyy, and the
corresponding kg values of 5.5 X 10° and 5.2 X 10° M' 57},
respectively, are both at or beyond the upper end of diffusion
control.
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Figure 10. Stern—Volmer plots for the quenching of fluorescence
intensities (quantum yields) (440 nm excitation) of the PEI/CA-
CDotsyr (O, best fit for quencher concentrations of 0.03 M and
lower - - -) and PEI/CA-CDotsyr (A, best fit for quencher
concentrations of 0.04 M and lower ) by DNT in ethanol.

The fluorescence quenching results (Table 2) suggest that
CDots regardless of their syntheses (considering especially the
major difference between the use of pre-existing carbon
nanoparticles in the first and third approaches and the
formation of presumably similar nanoparticles via carbon-
ization processing in the second approach) and processing
conditions are generally potent electron acceptors and at the
same time extraordinary electron donors. Specifically on DNT
as a representative electron-deficient quencher for all of these
CDots, static quenching contributions are significant even at
low or very low DNT concentrations, and Stern—Volmer plots
for the linear portion including only the low DNT
concentrations yield abnormally large Ky, values (Table 2),
from which the calculated quenching rate constants (kq) are
beyond diffusion control. Mechanistically, the seemingly larger
than realistic k; values are consistent with the observed
substantial static quenching contributions, as both reflect the
extraordinary photoinduced electron-donating abilities of
CDots, and both can be rationalized as being due to an
enlarged quenching radius beyond the boundary of the dot
surface.”® The highly potent electron donor characteristics of
CDots are also consistent with or responsible for their already
demonstrated effective photocatalytic functions in some of the
most challenging photoreduction reactions, such as the
photocatalytic reduction of CO, into small organic mole-
cules.'””® The results presented and discussed here suggest
that CDots from different synthetic schemes can all be used as
potentially efficient photocatalysts for related applications.

Bl CONCLUSIONS

The three synthesis approaches for CDots compared in this
study were based on the use of pre-existing small carbon
nanoparticles sourced from pure carbon soot versus the
formation of similar nanoparticles (at least for their optical
absorptions in the visible spectrum) via carbonization
processing. The results show that the CDots from the latter
under sufficiently robust processing conditions are generally no
different from those from the former in terms of the observed
optical properties and associated photoinduced redox charac-
teristics in the visible spectral region, which is the region more
meaningful to most of the widely pursued technological
applications of CDots. The results also suggest a high stability

or general applicability of the definition on CDots as surface-
passivated small carbon nanoparticles. Further investigations
are needed for a clear mechanistic understanding of CDots,
also addressing the ongoing issues in the UV spectral region for
some of the samples prepared via carbonization processing
under overly mild processing conditions. In any case, the focus
should be on the small carbon nanoparticles, which are at the
core of the CDots platform both conceptually and structurally
and also as defined recently,”® represent another zero-
dimensional carbon allotrope (in addition to fullerenes), with
major fundamental and technological implications.
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