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Introduction

Carbon dots versus nano-carbon/organic hybrids —
dramatically different behaviors in fluorescence
sensing of metal cations with structural and
mechanistic implications

Ping Wang,® Mohammed J. Meziani,*® Yingqgiang Fu,® Christopher E. Bunker,*®
Xiaofang Hou,? Liju Yang,@*d Hind Msellek,® Melina Zaharias,? Jasmine P. Darbyd
and Ya-Ping Sun ® *

Carbon dots (CDots) are defined as surface-passivated small carbon nanoparticles, with the effective
passivation generally achieved by organic functionalization. Photoexcited CDots are both potent
electron donors and acceptors, and their characteristic bright and colorful fluorescence emissions make
them excellent fluorescence sensors for organic analytes and metal ions. For the latter extraordinarily
low detection limits based on extremely efficient quenching of fluorescence intensities by the targeted
metal cations have been observed and reported in the literature. However, all of the dot samples in
those reported studies were made from “one-pot” carbonization of organic precursors mostly under
rather mild processing conditions, unlikely to be sufficient for the required level of carbonization. Those
dot samples should therefore be more appropriately considered as “nano-carbon/organic hybrids”,
characterized structurally as being highly porous and spongy, which must be playing a dominating role in
the reported sensing results. In this study, we compared the dot samples from carbonization syntheses
under similarly mild and also more aggressive processing conditions with the classically defined and
structured CDots for the fluorescence sensing of copper(i) cations in aqueous solutions. The observed
dramatic decoupling between quenching results for fluorescence intensities and lifetimes of the
carbonization samples, with the former being extraordinary and the latter within the diffusion controlled
limit, suggested that the quenching of fluorescence intensities was greatly affected by the higher local
quencher concentrations than the bulk associated with the porous and spongy sample structures,
especially for the sample from carbonization under too mild processing conditions. The major
differences between the classical CDots and the nano-carbon/organic hybrids are highlighted, and the
tradeoffs between sensitivity and accuracy or reproducibility in the use of the latter for fluorescence
sensing are discussed.

bright and colorful fluorescence emissions. In the relevant
research community, the vivid display of the emissive proper-

Carbon “quantum” dots or carbon dots (CDots)" have attracted
much recent attention, with a wide variety of their potential
technological applications explored,>"” including especially
those that would take advantage of their commonly observed
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ties has been used implicitly or explicitly as a characteristic
signature for the formation or presence of CDots, even though
there could be dramatic differences among samples from
different syntheses in terms of composition, structure, and
configuration.?

As originally reported and defined,"® CDots are surface-
passivated small pre-existing carbon nanoparticles (Fig. 1),
which represent the nanoscale carbon allotrope at zero-
dimension."®*® The surface passivation could be as minor as
simple solvation in a solvent dispersion of the nanoparticles*>*
or some interactions with the matrix polymers when the
nanoparticles are dispersed in polymeric films.*® In both cases
the passivation effect is generally weak, resulting in only minor
improvements in the photoexcited state properties from those

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Cartoons on (upper) CDots with oligomeric polyethylenimine
for surface functionalization and (lower) dot-like structures in samples
from carbonization syntheses in general (dubbed "nano-carbon/
organic hybrids"), with the content and sizes of the nanoscale carbon
domains dependent on the carbonization conditions.

of the largely “naked” carbon nanoparticles, as reflected by the
observed slight increases in the brightness of fluorescence
emissions.”»** Considerably more effective passivation has been
achieved via chemically functionalizing the surface of the small
carbon nanoparticles with organic molecules or species (Fig. 1)
for the truly bright and colorful fluorescence emissions,
among other distinctive photoexcited state properties and
processes. These functionalized pre-existing carbon nano-
particles are the classically defined CDots."?

As reported in the literature, however, majority of the dot
samples used in fluorescence sensing and related studies have
been prepared by thermally carbonizing various organic
precursors under different yet generally rather mild processing
conditions.*'*** Among more popular have been thermal or
hydrothermal treatments of selected organic precursors mostly
at a temperature around 200 °C, as low as 120 °C and rarely
higher than 250 °C, for typically an hour or a few hours.® Such
samples have been used extensively as fluorescence quenching-
based sensors for the detection and quantification of a wide
variety of metal cations, including those of heavy metals and
others such as copper. A common observation or outcome in
such sensing of metal cations has been the ultrahigh sensitivity

© 2021 The Author(s). Published by the Royal Society of Chemistry
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for ultralow detection limits that are associated with the
extraordinarily efficient quenching of fluorescence intensities
by the metal cations for dot samples from carbonization
syntheses. For example, the sample obtained by thermal
carbonization of a citric acid-polyethylenimine mixture at
200 °C was used in the sensing of Cu** by fluorescence
quenching to reach the detection limit down to 6 x 10~° M.>®
Similarly prepared samples were reported for the detection of
10~° M of Cu** in aqueous solution,?”*" and also for the highly
efficient fluorescence quenching by other metal cations,*** with
the apparent slopes of the quenching plots (/@ versus cation
concentration, where @:° and @ are fluorescence intensities
without and with the quencher, respectively) as large as 530 000
Mfl‘sz

Recently there have been major concerns and related debates
on the compositions and structures of the samples obtained
from carbonization syntheses,>**¢ especially those with the use
of processing conditions that are considered as being too mild
for the carbonization to yield a significant amount of nanoscale
carbon,?*® which should obviously be the critical ingredient in
any carbon quantum dots. Even for those samples synthesized
with more aggressive carbonization conditions, their nanoscale
structures are largely unknown. One may argue that with the
mostly random and chaotic conditions in the thermal or
hydrothermal carbonization, there are no reasons to expect any
thermodynamic or kinetic driving forces for the creation or
formation of the well ordered nanostructure in the classically
defined CDots (Fig. 1). More probably or likely would be the
kind of structures, as also illustrated in Fig. 1, which are
randomly crosslinked mixtures of organic species with various
amounts of nanoscale carbon particles/domains for the cross-
linking, depending on the processing conditions in the sample
preparation and the resulting levels of carbonization. Such
sample structures, expected logically to be rather porous,
should have major effects on the quenching of their fluores-
cence emission intensities by metal cations, which are likely
responsible for the often observed extraordinarily large
quenching constants and the corresponding ultrahigh sensi-
tivity in the fluorescence sensing. Such an assessment was
evaluated and validated in the study reported here.

In the study, three different samples, including the classi-
cally defined CDots from the surface functionalization of pre-
existing small carbon nanoparticles with oligomeric poly-
ethylenimine (PEI) and the two dot samples obtained from the
carbonization of citric acid-PEI mixtures under processing
conditions of 200 °C for 3 h and 330 °C for 6 h, were compared
for their fluorescence quenching-based sensing of copper
cation (Cu®") in aqueous solutions. The dramatically different
quenching results among the three samples, including the
comparisons between quenchings of fluorescence intensities
and lifetimes, suggest that major near-neighbor static quench-
ing contributions must be responsible for the observed ultra-
high sensitivity in the sensing based on the quenching of
fluorescence intensities of the dot samples from carbonization
syntheses. The implications of the results to the structures of
the dot samples are rationalized and discussed.
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Results and discussion

Mixtures of citric acid and oligomeric polyethylenimine (PEI)
were used as precursors in the thermal carbonization process-
ing under different experimental conditions.*”** The samples
from the processing in the presence of water in a sealed reactor
at 200 °C and 330 °C are denoted as CS200 and CS330, respec-
tively. Both samples in aqueous solutions are colored, though
relatively the CS330 sample is significantly darker, indicative of
a higher content of nanoscale carbon due to the more aggressive
conditions in the carbonization processing.*® Optical absorp-
tion spectra of the samples in aqueous solutions are shown in
Fig. 2, which are in good agreement with those of the samples
prepared from the same precursor mixtures under largely the
same processing conditions.?”*® The spectrum of CS330 is red-
shifted from that of CS200, consistent with the former in solu-
tion appearing relatively darker in color.

In a separate approach, selected pre-existing small carbon
nanoparticles (~5 nm in average diameter) were functionalized
with oligomeric polyethylenimine (PEI) in the microwave-
assisted thermal reaction to obtain PEI-CDots.*® Mechanisti-
cally the functionalization reaction was probably the nano-
particle surface addition of PEI-derived radical species created
under the microwave radiation conditions.” The optical
absorption spectrum of PEI-CDots in aqueous solution, also
shown in Fig. 2, is close to that of the aqueous suspended small
carbon nanoparticles used in the PEI functionalization, con-
firming that optical absorptions of the CDots are due to those of
the core carbon nanoparticles (Fig. 1), as the organic
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Fig. 2 Absorption and fluorescence (in the inset, 400 nm excitation)
spectra of CS200 (dash-dot), CS330 (dash), and PEI-CDots (solid) in
aqueous solutions. The absorption spectrum of the aqueous dispersed
small carbon nanoparticles is also shown (dash-dot-dot) for
comparison.
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functionalization moieties (PEI species in PEI-CDots) are opti-
cally transparent in the corresponding spectral region. On the
comparison of the three samples, the absorption spectrum of
CS200 is clearly different, with significantly weaker absorptions
in the visible (Fig. 2). However, as also compared in Fig. 2, the
observed fluorescence spectra of the three samples at the same
excitation wavelength (400 nm) are not so different.

The photoexcited states and fluorescence emissions of CDots
are known for being susceptible to generally efficient quenching
by both electron donor and acceptor molecules or species,*
including many metal cations as electron deficient
quenchers.*'*** However, in studies reported in the literature
on sensing various metal cations based on the quenching of
fluorescence intensities with steady-state fluorescence emission
measurements, overwhelming majority of the dot samples have
been those similar to CS200, prepared by the carbonization of
organic precursors under mild processing conditions. The
corresponding linear quenching plots yielded extraordinarily
large slopes as quenching constants, seemingly suggesting
quenching processes much beyond the upper limit of diffusion
control in aqueous or other liquid media, despite the fact the
diffusion control must be absolute in all those media. Thus,
most or all of those reported extreme quenching behaviors
would have to be due to some specific or special characteristics
of the used dot samples that could facilitate the similar
extremes in terms of high “local quencher concentrations”,
namely actual concentrations of the quencher in the immediate
vicinity of the emissive entities being quenched are consider-
ably higher than those in the bulk.**** Such local concentration
or “static quenching” effects are made evident by results from
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Fig. 3 Results on the quenching of fluorescence intensities of CS200
(circle), CS330 (triangle), and PEI-CDots (square) by Cu?* in aqueous
solutions. Inset: Enlarged for the low quencher concentration region.

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00002k

Open Access Article. Published on 26 February 2021. Downloaded on 7/30/2024 11:48:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the comparison between the three different dot samples (CS200,
CS330, and PEI-CDots) in this work.

Fluorescence emission intensities (quantum yields) of all
three samples were quenched by Cu®" in aqueous solutions, but
the dependencies of the quenching on Cu®>" concentrations
were dramatically different between the three samples (Fig. 3).
For CS200, the quenching was extremely efficient, with the
quenching ratio @p°/®p reaching ~30 at the very low Cu®*
concentration of only 0.09 M (Fig. 3). The quenching plot of
(@£°/ @5 — 1) versus Cu®" concentration is curved, from which
the estimated slope as the quenching constant for the lower
quencher concentration range (up to 2 x 10~ * M) is about
10 000 M~ ', A similar plot for the results of CS330 shows still
highly efficient quenching, but relatively less so in comparison
with that for CS200 (Fig. 3), with the estimated quenching
constant of about 240 M~ " for the lower quencher concentra-
tion range (up to 10 M). The same quenching for PEI-CDots
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Fig. 4 Fluorescence spectral profiles (400 hm excitation) at different
Cu?* concentrations for CS200 (upper, solid: 0, dash: 0.04 M, and
dash-dot: 0.09 M), CS330 (middle, solid: 0, dash: 0.04 M, and dash-
dot: 0.1 M), and PEI-CDots (lower, solid: 0, dash: 0.2 M, and dash-dot:
0.5 M).
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was found to be much less efficient (Fig. 3), corresponding to
the quenching constant of only about 10 M.

Interestingly, despite the dramatically different efficiencies
between the three dot samples in the quenching of their fluo-
rescence emission intensities by Cu®", their fluorescence spec-
tral profiles without and with the quenching are rather similar
(Fig. 4), suggesting equally similar emissive excited states in the
three different dot samples.

In addition to the steady-state measurements on the
quenching of fluorescence emission intensities, fluorescence
decays of the dot samples in aqueous solutions of varying Cu**
concentrations were acquired and analyzed. In the decay
measurements based on the time-correlated single photon
counting technique, drops in the overall photon counts with the
quenching by Cu** were very different between the three dot
samples, generally in parallel with the trend found in the
steady-state fluorescence quenching results discussed above.
The observed fluorescence decays of all three dot samples
without and with the quencher Cu®>" were non-exponential, as
generally known for CDots.>** Nevertheless, the decay curves
could be deconvoluted from the corresponding instrument
response functions with the use of a bi-exponential function in
the data fits, yielding two sets of pre-exponential factor and
lifetime (A;,7¢q and A,,7g,), which were used for the estimated
average fluorescence lifetime (ty) = (A1Tp1> + AxTps’)/(ArTpr +
Aytp,).® The (tg) values thus obtained for the three sample
solutions excited at 400 nm are 12 ns for CS200, 13 ns for CS330,
and 8.1 ns for PEI-CDots in the absence of any quenchers. With
similarly determined average fluorescence lifetimes at different
quencher Cu** concentrations, the quenching plots measuring
the effects on fluorescence decays are compared in Fig. 5-7 with
those on fluorescence intensities (taking the data from Fig. 3).
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Fig. 5 For CS200, the quenching of fluorescence intensities (circle,
solid line from fitting the data up to Cu®* concentration of 2 x 10™* M)
and lifetimes (square, dash line for the best fit).
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Fig. 6 For CS330, the quenching of fluorescence intensities (circle,
solid line from fitting the data up to Cu?* concentration of 10™° M, and
dash-dot line from a global fit of all data) and lifetimes (square, dash
line for the best fit).

For the CS200 sample, the dramatic decoupling between
quenching results for fluorescence intensities and lifetimes is
rather obvious, with the former being considerably more effi-
cient especially at low quencher concentrations (Fig. 5). By
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Fig. 7 For PEI-CDots, the quenching of fluorescence intensities
(circle) and lifetimes (square), with solid and dash lines from best fits,
respectively.
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assuming that the slope of the quenching plot could be
considered phenomenologically as Stern-Volmer constant (Kgy
= kq1&"), whose value of 10 000 M ™" over the low Cu®" concen-
tration range would require the quenching rate constant k, to
be more than 8 x 10" M™" s7' (tz° ~12 ns). It is simply
impossible for kq to actually reach such a level, because it is
much beyond the limit of the diffusion rate constant in water
(generally 10" M~ " s™" as the upper limit in organic solvents
and lower in water). On the other hand, the quenching effects
on fluorescence decays (and the estimated average fluorescence
lifetimes) are large but still in the normal range, with the slope
of the corresponding quenching plot ~36 M ', within the
general range of expected Ksy values for emissive excited states
of nanosecond lifetimes. The corresponding k4 value of 3 x 10°
M ' s~ " is also within the constraint of diffusion control for the
dynamic quenching process in an aqueous solution.

The similar decoupling between quenchings of fluorescence
intensities and lifetimes was found for the CS330 sample,
though the degree of decoupling was less dramatic and mostly
at the low Cu®" concentrations only (Fig. 6). For the quenching
of intensities over the low Cu** concentrations up to 10> M, the
slope of the quenching plot is about 240 M~ ', much smaller
than that for the CS200 sample discussed above, but the cor-
responding &, value of 1.85 x 10" M™* s™* still beyond the
diffusion controlled limit. However, in a different data treat-
ment by going beyond the low concentration region to take
a global average with more weightings of quenchings at higher
Cu”" concentrations (Fig. 6), the resulting Kgy value of ~53 M ™"
and the corresponding k, value of 4 x 10° M~ ' s~ " are not so far
from those based on the quenching of fluorescence lifetimes
(Figure 6), 35 M~ " and 2.7 x 10° M~ s, respectively, and the
kq values are both within the limit of diffusion control.

For the fluorescence quenching of PEI-CDots by Cu** in
aqueous solutions, there is a much better agreement between
those on intensities and lifetimes (Fig. 7), suggesting their same
quenching mechanism and processes, with diminished local
concentration effects. In fact, such an agreement is typical or
“normal” for overwhelming majority of organic and other flu-
orophores (including conventional semiconductor quantum
dots), namely that the dramatic or significant decoupling found
for CS200 and CS330 samples is indicative of special fluores-
cence quenching behaviors, which may be associated with the
different microscopic or nanoscale structures in those dot
samples prepared by carbonization syntheses (Fig. 1).

In classical photophysics, the abnormally efficient fluores-
cence quenching at low quencher concentrations is generally
attributed to local concentration effects, namely higher local
quencher concentrations than the bulk due to more specific
interactions of the quenchers with the emissive species being
quenched, such as complex formation, association, or the like.**
It results in near-neighbor quenching that is more “static” in
nature, such that the quenching requires no or minimal diffu-
sion of the quenchers, which is thus manifested by the extraor-
dinarily large slope from the quenching plot. In fact, the slope
thus obtained should not be equated with the Kgy in Stern-
Volmer equation (contrary to what has been casually practiced in
many literature reports) due to the specific underlying physical

© 2021 The Author(s). Published by the Royal Society of Chemistry
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meanings of the equation. Otherwise it would yield quenching
rate constant kq values larger than the limiting diffusion rate
constant by orders of magnitude in many cases, which is simply
impossible and wrong physically and photophysically. Instead,
the observed extraordinarily efficient quenching of fluorescence
intensities, especially at low quencher concentrations, for the
CS200 and to a less extent CS330 samples in this work should be
treated and understood by taking into consideration of local
quencher (Cu**) concentration effects, with a modified Stern-
Volmer equation: @°/®y; = 1 + Kg,[Cu**]LocaL- For the quenching
of fluorescence lifetimes, however, the fluorescence decay
measurements on the nanosecond or sub-nanosecond time scale
are incapable of capturing any contributions by near-neighbor
static quenching (requiring no or very limited diffusions, often
called “dark quenching” in photophysics textbooks), thus only
the normal dynamic quenching correlated with the bulk
quencher concentrations in terms of the (classical) Stern-Volmer
equation.

For CS200, the much higher local quencher (Cu®") concen-
trations than the bulk are likely due to the expected porous
characteristics of the dot-like species in the sample (Fig. 1),
consistent with the sample preparation under rather mild pro-
cessing conditions that are insufficient for substantial carbon-
ization.>" The nanoscale carbon domains must be relatively
small, probably serving the function of crosslinking the
precursor organic species that survived the carbonization pro-
cessing conditions. The microscopic or nanoscale structures in
the sample may resemble sponges, which coupled with the
presence of a substantial amount of amine moieties from the
precursor PEI are amenable to adsorption-like accumulation of
Cu®" in the porous sample structures for the observed static
quenching. The CS330 sample from more aggressive carbon-
ization processing (higher temperature and longer time) should
understandably contain more and relatively larger nanoscale
carbon domains, though they are still mixed with a large
amount of organic moieties (Fig. 1). The species in the sample
may each be viewed as many small CDots-equivalent nano-
structures that are linked/connected by organic moieties,
significantly less porous for the sponging function discussed
above for the CS200 sample, and consequently less local
quencher concentration effects and the associated static
quenching contributions. In fact, the nearly normal quenching
behavior at high Cu®" concentrations may be rationalized as
being due to the saturation of the sponging function at the
higher quencher concentrations. The structural characteristics
of the CS200 and CS330 samples make them more appropriately
described as “nano-carbon/organic hybrids” (Fig. 1), in which
the individual species could be dot-like or in other shapes or
configurations with adequate solubilities.

For PEI-CDots, clearly the nanostructures are dictated by the
solid core carbon nanoparticles (Fig. 1), hardly sponge-like, so
that the static quenching effects derived from higher than bulk
local quencher concentrations are minimal at best, with the
observed very similar quenching behaviors for both fluores-
cence intensities and lifetimes (Fig. 7).

The structural considerations on dot samples from carbon-
ization processing of organic precursors (CS200 and CS330

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

View Article Online

Nanoscale Advances

specifically in this work) are consistent with the experimental
results on quenchings of fluorescence intensities and lifetimes,
though the proposed sponge-like porous characteristics in the
solution phase are very difficult to be probed directly for veri-
fication. On the other hand, there are no justifications in
principle or in terms of any direct experimental evidence on the
presence of any thermodynamic and/or kinetic forces to drive
the rather random and chaotic thermal carbonization process-
ing to produce the specific and ordered nanostructure of clas-
sical CDots, which are both defined and experimentally verified
as solid carbon nanoparticles surface-functionalized by the
selected organic molecules (Fig. 1). Thus, to attribute the
observed majorly different fluorescence quenching behaviors
between the classical CDots and the carbonization-produced
dot samples to their major differences in microscopic and
nanoscale structures is justified.

Conclusions

Fluorescence quenching of both classical CDots and dot
samples produced by the thermal carbonization of organic
precursors can be used for the sensing of metal cations, Cu**
specifically in this work. For the former, the quenching is within
the framework of diffusion control. For the latter, however, the
quenching of fluorescence intensities can be extraordinarily
efficient due to substantial static quenching contributions
associated with the higher than the bulk local quencher
concentrations. The corresponding extraordinarily low detec-
tion limits, as claimed in many literature reports, may be
beneficial in some applications, though in exchange for sacri-
fices in accuracy (due to the unpredictable nature of the local
concentrations, for example) and reproducibility (due to varia-
tions in the dot samples associated with carbonization pro-
cessing conditions that are intrinsically difficult to control and
reproduce). A note here is that the accuracy and reproducibility
are not those commonly considered in classical analytical
chemistry. They refer to the potentially dramatic effects on the
quenching results by small variations in the dot samples, which
are unavoidable with the intrinsically chaotic carbonization
processing despite all the efforts on keeping processing condi-
tions the same in repeating syntheses. In any sensors, the
obviously extreme sensitivity of the sensing (fluorescence
quenching in this case) to changes in the sensor material is
always a serious concern. More experimental and mechanistic
correlations between the dot sample structures and fluores-
cence sensing outcomes are needed.

Experimental section
Materials

The carbon nanopowder sample (US1074) was acquired from US
Research Nanomaterials, Inc. Citric acid was purchased from Alfa
Aesar, oligomeric polyethylenimine (PEI, average molecular
weight My, ~600, branched) from Polyscience, Inc., and copper(u)
nitrate from Fisher Scientific. Dialysis membrane tubing (molec-
ular weight cut-off ~500 or 1000) was supplied by Spectrum

Nanoscale Adv, 2021, 3, 2316-2324 | 2321
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Laboratories. Water was deionized and purified by being passed
through a Labconco WaterPros water purification system.

Measurement

UV/vis absorption spectra were recorded on Shimadzu UV2501
and UV-3600 spectrophotometers. Fluorescence spectra were
acquired on a Jobin-Yvon emission spectrometer equipped with
a 450 W xenon source, Gemini-180 excitation and Triax-550
emission monochromators, 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. Fluorescence decays were measured by using the time-
correlated single photon counting (TCSPC) technique on
a Horibia Ultima Extreme spectrometer equipped with a SuperK
Extreme supercontinuum laser source pulsed at 10 MHz, TDM-
800 excitation and TDM-1200 emission monochromators,
a R3809-50-MCP-PMT detector operated at 3 kV in a thermo-
electrically cooled housing, and FluoroHub A++ timing elec-
tronics. The time resolution of the setup in terms of the
instrument response function (IRF) is 100-250 ps, depending
on excitation wavelengths. Experimental decay curves were
deconvoluted by using the Das6 decay analysis software. Fluo-
rescence quenching experiments were performed with dot
solutions of the constant optical density at the excitation
wavelength less than 0.1, with the separately prepared Cu*"
solution added right before the fluorescence measurements.

Carbonization synthesis at 200 °C

Citric acid (1 g) and PEI (0.5 g) were mixed in water (10 mL), and
the resulting mixture was loaded into a stainless steel tube
reactor. With the reactor sealed, it was heated in a tube furnace
at 200 °C for 3 h. Then, the reactor was cooled back to ambient,
and the reaction mixture in the reactor was collected. The
mixture was dialyzed (membrane pore size ~500) against fresh
water, followed by concentration. A light brown aqueous solu-
tion was obtained as the sample from the carbonization
synthesis at 200 °C (denoted as the sample CS200).

Carbonization synthesis at 330 °C

Citric acid (1 g) was dissolved in water (2 mL) with brief soni-
cation, and the resulting solution was mixed well with PEI (0.5 ).
Then, the mixture was loaded into a stainless steel tube reactor.
With the reactor sealed, it was heated in a tube furnace at 330 °C
for 6 h. Upon the cooling of the reactor back to ambient
temperature, the reaction mixture in the reactor was collected by
washing with water. The mixture was dialyzed (membrane pore
size ~500) against fresh water. Upon concentration and then
centrifugation, the colored supernatant was collected as an
aqueous solution of the sample from the carbonization synthesis
at 330 °C (denoted as the sample CS330).

PEI-CDots

The small carbon nanoparticles were harvested from the
commercially acquired carbon nanopowder sample by
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following the protocol reported previously.* Briefly, 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 the ambient temperature, followed by centrifuging at
1000g to discard the supernatant. The sediment was re-
dispersed in deionized water, dialyzed in a membrane tubing
(molecular weight cut-off ~500) against fresh water for 48 h,
and then centrifuged at 1000g to retain the supernatant. Upon
the removal of water via evaporation, the small carbon nano-
particles were obtained. These carbon nanoparticles were
largely amorphous according to X-way powder diffraction
results.

The nanoparticles were used for the functionalization of PEI
in the microwave-assisted thermal reaction. Briefly, the nano-
particle sample (100 mg) as an aqueous slurry was mixed with
PEI (2 g) and ethanol (2 mL) in a scintillation vial with sonica-
tion in an ultrasonic cleaner (VWR 250D), followed by solvent
evaporation for a solid mixture. Separately, a silicon carbide
(150 g) bath in silica crucible casting dish (about 8 cm in
diameter and 2.5 cm in height) was pre-heated in a conventional
microwave oven at 500 W for 3 min. Several rounds of micro-
wave heating were as follows: (1) the vial containing the solid
mixture was immersed in the pre-heated silicon carbide bath
for microwave irradiation at 1000 W for 3 min; (2) the sample
vial was taken out of the bath and cooled to the ambient, and
more PEI (1 g) and ethanol (2 mL) were added to the sample and
mixed well, followed by the solvent evaporation and then
microwave irradiation the same as in (1); (3) a repeat of (2) but
with the microwave irradiation at 500 W for 8 min; and (4)
arepeat of (3). The final reaction mixture was cooled to ambient
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 PEI-CDots in an
aqueous solution.
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