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Abstract

:

The commercially acquired aqueous solution of “carbon quantum dots” sample was evaluated by optical absorption and fluorescence emission methods; in reference to aqueous dispersed small carbon nanoparticles and representative carbon dots prepared from chemical functionalization of the carbon nanoparticles. The results suggest a very low content of carbon that is associated with nanoscale carbon particles/domains in the as-supplied sample; and likely significant contamination by dye-like species/mixtures. In the absence of any information on the synthesis and history of the commercial sample, the possible cause of the contamination was illustrated by an example on similar dye formation in the one-pot carbonization synthesis of “red carbon dots” from citric acid–formamide precursor mixtures under too mild processing conditions that were insufficient for the intended carbonization. The negative impacts to the carbon dots research field by the apparent proliferation and now commercial availability of carbon-deficient or even largely carbon-less “carbon quantum dots”, which are more susceptible to dye contamination or dominance, are discussed.
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1. Introduction


Carbon dots (CDots) [1,2] which are generally defined as small carbon nanoparticles with various surface passivation schemes (Figure 1) [3] have attracted much attention, as reflected by the large and ever increasing number of relevant publications in the literature [4,5,6,7,8,9,10,11,12,13,14,15]. On the preparation of CDots, the originally reported dot samples were synthesized by chemically functionalizing pre-processed and selected small carbon nanoparticles [1,2], thus structurally adhering more closely or literally to the definition (Figure 1). However, the overwhelming majority of the reported syntheses since then have been based on various carbonization processes with organic and other carbon-containing species as precursors. These processes were generally not under conditions that would carbonize the precursors into soot-like materials composed of solid carbon nanoparticles, rather more like mixtures of some nanoscale carbon domains created as a result of the carbonization and the remaining organic species that survived the processing conditions. For such mixtures to be considered as dot samples, an assumption relevant to the definition on CDots, whether implicitly or explicitly, is such that the net effect in these mixtures is essentially equivalent to the carbon domains passivated by the organic species in several possible modes. Among them could be organic attachments, adsorptions, and/or simple mixing in an “organic pool”. Again, collectively the interactions in all these modes might be considered as being in net effect similar to the carbon nanoparticle surface passivation schemes found in CDots from the chemical functionalization synthesis [16,17].



The equivalency assumption discussed above is necessary for the carbonization approach, because there are no theoretical (in terms of thermodynamic or kinetic driving forces) or experimental justifications for any expectation that the largely random and chaotic carbonization processing would produce the kind of well-ordered structures of solid carbon nanoparticles surface-functionalized by organic molecules or molecular segments. Consequently, the carbonization processing conditions must be critical to the compositions, especially the content of nanoscale carbon domains, and the interactions in the resulting product mixtures. In fact, recent investigations in the literature have raised questions on some reported dot samples obtained from “one-pot” carbonization syntheses [16,18,19,20,21] especially on those from thermal processing under very mild conditions such as “cooking a simple organic mixture at lower than 200 °C for a few hours”. Similarly mild one-pot carbonization conditions were used in some reported experiments on the synthesis of “red-absorptive and emissive” samples from some selected specific precursor mixtures [22,23,24,25,26,27,28,29,30] such as mixtures of citric acid with formamide [22,24] on which there are understandably concerns with respect to not only the content of nanoscale carbon domains and dot structures in such samples but also the potentially substantial interference from dye-like species produced in the processing. Meanwhile, the scientific chemical supplier MilliporeSigma has recently started to market the dot sample of red absorption and emission features from unspecified source(s) or production method. Commercial availability of CDots can be very positive to the further development and applications in this research field and beyond, but at the same time bring significant risks to users who are not equipped to judge and verify the sample structure and composition that are claimed to be responsible for the observed absorption and emission properties.



In the work reported here, we evaluated the “carbon quantum dots” sample solution supplied by MilliporeSigma and found only a small amount of carbon in the sample that could be associated with nanoscale carbon particles or domains, which obviously must be the key ingredient in any carbon-based/derived quantum dots. The experimental results led to the conclusion that the as-supplied sample must be dominated by dye-like species/mixtures, regardless of their detailed structural arrangements with the small amount of carbon in the sample. In the absence of any information on the sample history, the likely cause of the dominating contamination was illustrated by an example on similar dye formation in some of the recently reported one-pot carbonization syntheses of “red carbon dots” from specifically selected precursor mixtures under too mild processing conditions that were insufficient for the desired carbonization. The hope is for the supplier to provide customers with solid evidence proving that the marketed sample is indeed “carbon quantum dots” in terms of the dot structure and chemical composition. As related, the dangers for the proliferation of carbon-deficient or even largely carbon-less “carbon quantum dots” (thus more vulnerable to dye contamination or dominance) to cause serious damages to the relevant research fields are highlighted and discussed.




2. Experimental Section


2.1. Materials


The “carbon quantum dots” sample as a 10 mL aqueous solution (product #900414, lot #MKCK3040) was purchased from MilliporeSigma (Burlington, MA, USA). Carbon nanopowders (US1074) were acquired from USA Research Nanomaterials, Inc. (Houston, TX, USA). Nitric acid, citric acid, formamide, and DMF were obtained from VWR International (Radnor, PA, USA), thionyl chloride (>98%) from TCI America (Portland, OR), and 2,2′-(ethylenedioxy)bis(ethylamine) (EDA) from MilliporeSigma (Burlington, MA, USA). Dialysis membrane tubing (molecular weight cut-off ~500) was supplied by Spectrum Laboratories (Rockleigh, NJ, USA). Water was deionized and purified in a Millipore Direct Q Water Purification System (Burlington, MA, USA).




2.2. Measurement


UV/vis/near-IR absorption spectra were recorded on Shimadzu UV-2501 and UV-3600 spectrophotometers (Columbia, MD, USA). Fluorescence spectra were acquired on a Jobin-Yvon emission spectrometer (Piscataway, NJ, USA) 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 (matching the absorbance at the excitation wavelength between the sample and standard solutions and comparing their corresponding integrated total fluorescence intensities).




2.3. Thermal Processing of Citric Acid (CA)–Formamide (FA)


CA (0.5 g) was mixed with (dissolved in) FA (8.4 mL) under mild sonication (briefly in a VWR 250D ultrasonic cleaner). The resulting colorless solution was stirred in a round-bottom flask with three necks (one fitted with a glass condenser, one for temperature monitoring, and the other for purging with nitrogen). The stirring was at 160 °C under nitrogen protection for 1 h. The resulting dark-red colored solution was allowed to be back at room temperature for characterization and measurements.



For the thermal processing at 300 °C, the same CA–FA mixture was loaded into a small stainless steel tube reactor from Swagelok (Atlanta, GA, USA). The reactor was sealed and then heated in a tube furnace at 300 °C for 2 h. Post-processing, the reaction mixture in the reactor back at ambient temperature was collected by washing with water (10 mL). The resulting aqueous suspension was briefly centrifuged at 1000× g, and the supernatant was used for characterization and measurements.




2.4. EDA-CDots


The same synthetic protocol and post-synthesis processing and characterizations as those reported previously [31] were used for the EDA-CDots sample. Briefly on the synthesis, a sample of the pre-processed and selected small carbon nanoparticles (50 mg) was refluxed in neat thionyl chloride for 12 h. Upon the removal of excess thionyl chloride via evaporation, the resulting sample was carefully mixed with EDA (1 g), 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 20,000× g for 1 h to retain the supernatant. The aqueous solution thus obtained was dialyzed against fresh water (molecular weight cut-off ~500) to remove unreacted EDA and other small molecular species to yield the EDA-CDots as an aqueous solution.





3. Results and Discussion


The as-supplied dot sample from MilliporeSigma was an aqueous solution of a very light pink color (Figure 2). The optical absorption spectrum of the as-supplied solution was measured in a standard 1.0 cm cuvette, and the observed absorbances were ~0.12 at 400 nm and ~0.054 at 480 nm (Figure 2). The absorption spectrum featured a very broad band around 480 nm, which would probably qualify the sample to be in the rank of “red-absorptive” (or more accurately “longer wavelength-absorptive” for the absorption band not quite in the red yet) [22,23,24,25,26,27,28,29,30]. Since it is well known that electronic transitions responsible for the observed optical absorptions in solid carbon nanoparticles are dominated by π-plasmons [32,33,34,35] the known absorption spectrum of aqueous dispersed carbon nanoparticles is shown for comparison [31]. Additionally shown in Figure 2 is the absorption spectrum of the CDots sample from chemical functionalization of the carbon nanoparticles with 2,2′-(ethylenedioxy)bis(ethylamine) (EDA) [31,36]. The EDA-CDots have been thoroughly characterized and often served as a benchmark in the research and development of CDots, and their optical absorptions are understandably similar to those of the carbon nanoparticles, as compared in Figure 2, because there are no theoretical and technical reasons to expect any significant alterations to π-plasmons in the carbon nanoparticles due to the surface functionalization by organic molecules. Thus, the implied assignment of the broad absorption band around 480 nm in the spectrum of MilliporeSigma sample (Figure 2) to the nano-carbon in “carbon quantum dots” is questionable, as it would require major changes to the π-plasmons intrinsic to nanoscale carbon allotropes including not only carbon nanoparticles but also carbon nanotubes [34,37]. In fact, the sample contained only a very small amount of nano-carbon according to the observed absorbances of the sample solution.



The insensitivity of π-plasmons in carbon nanoparticles towards effects of surface functionalization and the like is reflected by the general consistency in observed absorptivity values of the nanoparticles from different sources and also post-functionalization in CDots. The experimentally determined molar absorptivity values of aqueous dispersed carbon nanoparticles and their corresponding CDots are 50–100 (or roughly 75 ± 25) MC−1cm−1 over 400–420 nm, where MC is the carbon molar concentration, namely the absorptivity measured in terms of the molar concentration of carbon atoms in the carbon nanoparticles [38,39]. For the MilliporeSigma sample solution, the observed absorption at 400 nm (Figure 2) was more likely a combination of absorption due to the nano-carbon (carbon in the nanoscale carbon particles/domains) and the tail of the broad band around 480 nm. However, even under the assumption that the absorption was due entirely to the nano-carbon, the calculated “nanoparticle carbon” content (excluding carbon atoms in organic species) in the as-supplied sample solution was only ~0.02 mg/mL (0.002% by weight or 20 ppm), namely at the maximum only about 0.2 mg of nanoscale carbon particles/domains in the as-supplied 10 mL sample solution. Thus, the as-supplied sample was likely produced under mild processing conditions without sufficient carbonization.



The very low nano-carbon content in the MilliporeSigma sample added more questions on the species responsible for the broad absorption band around 480 nm (Figure 2), which could not be associated with CDots for sure. A simple explanation would be the contamination by some dye-like species/mixtures that were produced in the synthesis of the dot sample, and the explanation is supported by results from fluorescence emission measurements.



As well known in the literature, fluorescence spectra and quantum yields of CDots are excitation wavelength dependent in a rather characteristic pattern (Figure 3 and Figure 4) [1,17,35]. For the MilliporeSigma sample, the pattern for the spectral change with excitation wavelength was largely similar to that of EDA-CDots, except for excitations around 460 nm (Figure 3). At 460 nm excitation, there were some relatively minor additional emission contributions on top of the “normal” fluorescence band, due likely to some of the “longer wavelength-absorptive” species in the sample. As expected, the underlying fluorescence emissions for 460 nm excitation responded differently to the presence of a quencher. For example, the observed fluorescence spectrum in the presence of 0.15 M 2,4-dinitrotoluene (DNT) [17] was obviously different from that in the absence of the quencher (Figure 3 inset). In fact, the spectrum with the DNT quenching seemed more “normal” in its fit into the excitation wavelength dependence pattern (Figure 3).



The fluorescence quantum yields of the MilliporeSigma sample were progressively lower at longer excitation wavelengths (5.9% at 400 nm excitation and 0.2% at 520 nm excitation), in a pattern similar to that for EDA-CDots, but the decrease was more rapid (Figure 4). Unlike in the spectral changes with excitation wavelengths discussed above, there was no obvious exception for excitations around 460 nm in the progressive decreases of fluorescence quantum yields. These results suggest that the MilliporeSigma sample was “longer wavelength-absorptive”, but hardly “longer wavelength-emissive”. As discussed above, the observed absorption spectrum of the sample solution was likely a superposition of the typical nano-carbon absorptions (Figure 2) and the broad visible absorption band associated with dye-like species/mixtures. The latter according to the fluorescence results were only weakly emissive or non-emissive, thus making the observed fluorescence quantum yields appear lower than what they should be (Figure 4, because the absorptions of the weakly emissive or non-emissive species were included in the calculation of observed quantum yields, similar to the classical “inner-filter effect” in fluorescence quantum yield determination based on the relative method).



It should also be pointed out that the observed absorption spectrum of the MilliporeSigma sample changed over time, such as the obvious difference from the time of sample arrival to about six weeks later (Figure 2 inset). There were some corresponding changes in the fluorescence spectra and quantum yields, but not substantial to the level that would fundamentally alter the excitation wavelength dependence patterns.



Collectively the results presented above are consistent with the notion that the sample solution acquired from MilliporeSigma contained dye-like species/mixtures responsible for the significant visible absorption band on top of the relatively weak absorptions by some nano-carbon in probably a CDots-like configuration (Figure 2), but these dye-like species/mixtures were only weakly fluorescent in general. The observed absorption spectral changes over time (Figure 2 inset) also suggest that regardless of the identities and compositions of these species/mixtures, they were unstable under the ambient storage conditions. Despite the absence of any information on the synthesis method and protocol for the MilliporeSigma sample, a safe assumption is that the sample was produced under processing conditions insufficient for the required carbonization, thus vulnerable to contamination by dye-like species/mixtures formed in the processing. This may be illustrated by the similar dye formation and contamination in the synthesis of “red-carbon dots” from citric acid–formamide mixtures with carbonization processing conditions insufficient for the desired CDots.



Among syntheses reported in the literature for dot samples of absorption and fluorescence emission bands extended into the red or even near-IR spectral region, citric acid (CA) has been a popular component in mixtures with some specifically selected organic molecules such as formamide (FA) to be used as precursor for carbonization [22,24,29,40]. Equally popular in the carbonization of these precursor mixtures has been the use of rather mild thermal processing conditions of less than 200 °C for up to a few hours, such as in a microwave-heated bath at 160 °C for an hour for CA–FA mixtures specifically [22,24]. These processing conditions were obviously incapable of producing the claimed “red carbon dots”, as demonstrated in the work reported here by a simple comparison between the same thermal processing at 160 versus 300 °C.



For the processing at 160 °C, a CA–FA mixture (essentially a solution of CA in FA) was stirred in a setup designed for refluxing for an hour, during which the solution color changed from largely colorless to dark red. The optical absorption spectrum of the solution upon dilution is shown in Figure 5. The spectrum is not the same as those reported in the literature for samples obtained from comparable processing conditions (though the spectra of those samples in the literature were actually very different among themselves) [22,24] but nevertheless with the similar absorption feature of extra visible bands not found in the absorption spectrum of carbon nanoparticles or EDA-CDots (Figure 5). The observed fluorescence spectra and quantum yields are still excitation wavelength dependent (Figure 5 and Figure 6), but not in the commonly found characteristic patterns [17,35], likely reflecting contributions by species associated with the extra visible absorption bands.



One might wonder if the extra visible absorption bands (Figure 5, Supplementary Materials) and the corresponding fluorescence properties (Figure 6) could actually be due to the sample being populated by “red-carbon dots”, as claimed in the literature [22,24]. Unfortunately, the answer would have to be a resounding no, because these features could only be found in the samples produced under the mild processing conditions. Even in terms of just common sense, these processing conditions would not be sufficient for any substantial carbonization, let alone altering the electronic transitions dominated by π-plasmons of nano-carbon in the desired dot structure. In fact, these extra absorption and fluorescence emission features were simply fading away with increasing temperature and time in the carbonization processing, consistent with the expected decomposition and/or carbonization of the initially formed dye-like species/mixtures. For example, by processing the same CA–FA mixture at 300 °C for 2 h, the absorption spectrum of the resulting sample became rather similar to those of the dispersed carbon nanoparticles and the established CDots like EDA-CDots, namely no extra longer wavelength visible absorption bands anymore (Figure 5). Correspondingly, the excitation wavelength dependence of fluorescence spectra reverted back to the characteristic pattern (Figure 6), and so did the dependence of fluorescence quantum yields (Figure 5) [35]. These findings suggest that in the one-pot thermal processing, significantly more robust conditions than those used in many of the reported studies are necessary in order to ensure sufficient carbonization of the organic precursors. As a result, these properly prepared dot samples will exhibit the same absorption characteristics as those of the pre-existing small carbon nanoparticles, with the corresponding fluorescence emission properties similar to those of CDots derived from the surface functionalization of the carbon nanoparticles.



The example highlighted above on the carbonization of CA–FA is hardly an exception, and the findings are relevant to the argument that the broad absorption band around 480 nm in the spectrum of the MilliporeSigma sample could not be genuine to any “longer-wavelength absorptive carbon dots”, rather due to dye-like species in potentially complex mixtures produced in the synthesis of the sample. The option of further processing the as-supplied sample under more robust carbonization conditions (similar to those in the processing of the CA–FA mixture at a high temperature) was considered but deemed non-practical because the sample was already so dilute, barely enough for fluorescence measurements at near the detection limit of the emission spectrometer equipped with a sensitive photon-counting detector. The isolation and identification of the dye-like species in likely complex mixtures in the MilliporeSigma sample would be even more challenging. One might also argue that the supplier of the commercial sample would be best suited or even obligated for performing these tasks.



More broadly, the name and definition of carbon dots call for the dominance of carbon in the dot structure, where the carbon refers to the carbon nanoparticles or more generally nanoscale carbon domains in the dots, excluding the carbon atoms in organic species also presented in the dot structure for the passivation function (namely the surface passivation of the carbon nanoparticles or nanoscale carbon domains). Since the overwhelming majority of the dot syntheses have been based on the carbonization of organic precursors, utmost caution must be exercised in the syntheses to ensure a sufficient degree of carbonization for the necessary dominant presence of nanoscale carbon domains in the produced dot samples. Unfortunately, the required sufficient carbonization of organic matters is not as readily achieved as many may choose to believe, definitely not under some of the widely applied conditions like “cooking at one hundred and some degrees Celsius for an hour or so”. Such mild processing conditions cannot be sufficient to convert organic species into nanoscale carbon structures in any substantial fashion, let alone some claimed “crystalline or graphitic nanoparticles”. In fact, if this were possible, one would be producing a significant amount of carbon quantum dots in pan-frying or barbecuing some vegetables, or even better enjoying the taste of carbon quantum dots when sipping a cup of tea because the tea in that cup is often processed under conditions much more aggressive than those for the one-pot carbonization referred to above. One should also be mindful that carbon nanoparticles can readily be generated from organic matters in situ in an electron microscopy machine equipped with a powerful electron beam of up to 300 kV. Thus, “seeing” nanoparticles in electron microscopy images is hardly sufficient for “proving” the substantial presence of carbon quantum dots in samples from carbonization under rather mild processing conditions.



A serious consequence of the under-carbonization is the high probability of contamination or even dominance by dye-like species/mixtures formed as intermediate molecules and/or byproducts of the carbonization processing, though their presence becomes evident only when they are absorptive and/or fluorescent in the concerned spectral region, especially prominent in the red/near-IR because of the relatively low absorptivities of carbon nanoparticles at those wavelengths. To avoid these risks, the carbonization synthesis must focus on the creation of dominant nanoscale carbon domains, which are after all at the core (literally) of the desired carbon quantum dots.



The caution emphasized here is critical to the advancement of the research field on carbon-based/derived quantum dots, thus to avoid the pollution by results obtained with some poorly synthesized samples, including commercial products, which are mostly complex mixtures of dye-like species, including red-absorptive and/or emissive dyes, with perhaps only a sprinkle of small carbon pieces.
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Figure 1. A cartoon illustration on the structure in carbon dots (CDots). 
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Figure 2. The absorption spectrum of the as-supplied MilliporeSigma sample solution (measured five days after the sample was received, solid line) compared with those of the aqueous dispersed small carbon nanoparticles (dash line, from reference 17) and EDA-CDots (dash-dot-dash line). Insert: The same absorption spectrum of the as-supplied MilliporeSigma sample solution (solid line) compared with the spectrum of the same sample solution measured six weeks after (dash-dot-dot-dash line). Moreover, in the inset is a photo of the as-supplied sample solution. 
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Figure 3. Upper: Absorption (ABS) and normalized fluorescence spectra at different excitation wavelengths (from 400 to 580 nm in the 20 nm increment) of the as-supplied MilliporeSigma sample solution. The fluorescence spectrum at 460 nm excitation in the presence of 0.15 M 2,4-dinitrotoluene as quencher is shown in the same normalized scale (dash line), and also in the insert in the relative intensity scale for comparison. Lower: Absorption (ABS) and fluorescence spectra at different excitation wavelengths (from 400 to 580 nm in the 20 nm increment) of EDA-CDots in aqueous solution. 
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Figure 4. Fluorescence quantum yields at different excitation wavelengths of the as-supplied MilliporeSigma sample solution (○) are compared with those of EDA-CDots (∆), where the yields are normalized against the values at 400 nm excitation of 5.9% for the former and 24% for the latter. Their absorption spectra (solid line for the former, and dash-dot-dash line for the latter) are also shown. 
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Figure 5. Absorptions (ABS) and fluorescence quantum yields at different excitation wavelengths of the two samples from processing the citric acid–formamide (CA–FA) mixture at 160 °C for 1 h (dash line and □) and at 300 °C for 2 h (dash-dot-dot-dash line and ▽) are compared, where the yields are normalized against the values at 400 nm excitation of 20% for the former and 14% for the latter. The normalized absorption spectra of the as-supplied MilliporeSigma sample solution (solid line and EDA-CDots (dash-dot-dash line) are also shown for comparison. 
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Figure 6. Absorption (ABS) and fluorescence spectra at different excitation wavelengths (from 400 to 580 nm in the 20 nm increment) of the two samples from processing the CA–FA mixture at 160 °C for 1 h (upper) and at 300 °C for 2 h (lower) are compared. 
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